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ABSTRAKT 

V současné době se významně zvyšuje riziko bakteriálních infekcí způsobených 

bakteriálními kmeny, které jsou rezistentní vůči antibiotikům. Proto je nesmírně důležité 

zkoumat způsoby, jež mohou tento problém překonat. Předložená práce se zabývá přípravou, 

charakterizací a analýzou antibakteriálních vlastností polystyrenových nanomateriálů 

(nanovlákenných membrán a nanočástic) modifikovaných sloučeninami, které jsou schopny 

vysoce účinně inhibovat růst bakterií, ať už přímo (polyethylenimin) nebo fotoaktivací 

viditelným zářením (NO-fotodonory, fotosensitizery) a následnou produkcí vysoce reaktivních 

anorganických baktericidních částic, oxidu dusnatého (NO) a singletového kyslíku (O2(
1g)). 

Všechny připravené materiály byly plně charakterizovány několika na sobě nezávislými 

metodami. Koncentrace produkovaného NO a O2(
1g) byly studovány amperometrickými a 

časově rozlišenými spektroskopickými technikami a sérií chemických analytických metod. 

Vzhledem k přítomnosti baktericidních sloučenin a účinné fotogeneraci NO a O2(
1g) za 

fyziologických podmínek vykazují všechny materiály vysoký antibakteriální účinek testovaný 

na Gram-negativním bakteriální kmeni Escherichia coli. V práci uvedené funkcionalizované 

polymerní nanomateriály mohou být potenciálně zajímavé pro lékařské, biologické či 

ekologické aplikace, vyžadující zavedení a/nebo udržování sterilního prostředí. 

V práci byl též ukázán koncept využití nanovlákenných membrán jako multifunkčních 

systémů pro především biomedicinské aplikace. Polystyrenová nanovlákenná membrána byla 

modifikována kovalentním navázáním biotinu, který se snadno váže na avidin či jeho konjugáty 

pomocí nejsilnější známé nekovalentní interakce. K potvrzení úspěšného navázání systému 

biotin-avidin na polystyrenová nanovlákna byla využita křenová peroxidáza a její zachovaná 

enzymatická aktivita po navázání na povrch nanovláken. Funkcionalizace nanovlákenných 

membrán biotinem otevírá univerzální možnost vázání biotinových/ avidinových derivátů 

s různou funkcionalitou na nanovlákenné povrchy.  

 

 

 

Klíčová slova: singletový kyslík, oxid dusnatý, polyethylenimin, polystyren, antimikrobiální, 

nanomateriály 
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ABSTRACT 

Nowadays, there is an increasing risk of bacterial infections from bacteria strains 

resistant towards antibiotics. Thus, it is of utmost importance to research novel therapies which 

can overcome this difficulty. The presented thesis focuses on the preparation, characterization 

and antibacterial evaluation of polystyrene polymer nanomaterials (nanofiber membranes and 

nanoparticles) modified with compounds that can efficiently inhibit bacterial growth either by 

their nature (polyethyleneimine) or by photoactivation upon visible light excitation (NO-

photodonors, photosensitizers) and consequent production of highly reactive inorganic 

bactericidal species, nitric oxide (NO) and singlet oxygen (O2(
1g)).  

All materials were fully characterized by several independent methods. The 

concentrations of NO and O2(
1g) were measured by amperometric and time-resolved 

spectroscopic techniques and by variety of chemical analytic procedures. Due to the presence 

of bactericidal species and the efficient photogeneration of NO and O2(
1g) at physiological 

conditions, all materials exhibit strong antibacterial action tested on a Gram-negative bacterial 

strain Escherichia coli. Hence, these functionalized polymer nanomaterials may be intriguing 

systems for medical-, biological-, or environmental- application where a sterile environment 

has to be introduced and/or maintained.  

Furthermore, the proof of concept of utilizing nanofiber membranes as multifunctional 

systems mainly for biomedical applications was shown. The polystyrene nanofiber membrane 

was modified by covalent attachment of biotin which readily binds to avidin or its conjugates 

to form the strongest known non-covalent interaction. To validate the successful 

functionalization of nanofibers with biotin-avidin system, the horseradish peroxidase and its 

preserved enzyme activity after the binding to nanofibers was used. The functionalization of 

nanofiber membranes with biotin open the general way of binding biotin/avidin derivatives with 

different functionalities to nanofiber surface. 

 

 

 

Key words: singlet oxygen, nitric oxide, polyethyleneimine, polystyrene, antimicrobial, 

nanomaterials 
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1. INTRODUCTION/MOTIVATION 

The increasing resistance of microorganisms towards antibiotics is a huge challenge in 

current medicine. Antibiotics have immensely helped to reduce illness and death from 

infectious diseases. However, these drugs have been used so widely and for so long in medicine 

and agriculture that the infectious organisms the antibiotics are designed to kill have adapted to 

them, making the drugs less effective. According to Centers for Disease Control and Prevention 

recent statistics, antibiotic resistance causes 25 000 deaths per year only in the member states 

of EU. Moreover, from the data of WHO follows that the number of deaths worldwide may get 

to 10 million annually by the year 2050. This only emphasizes the importance of alternative 

approach in treating infections based on completely different mechanisms. 

An interesting alternative might be nanomaterials inactivating bacteria, viruses and 

other pathogens by photoproduction of highly reactive species such as singlet oxygen and/or 

nitric oxide to which the bacteria cannot develop any resistance. Using these species even in 

combination with some other antimicrobial agents like polyethyleneimine might lead to 

nanomaterials that could potentially address and solve various medical-, biological-, and 

environmental-related issues. 

Additionally, the polymer nanomaterials have proven to be highly intriguing supports 

for various biologically active compounds like biotin and avidin, well-known pair that forms 

the strongest known non-covalent interaction. The covalent binding of biotin to nanofiber 

membrane opens ways to consequent attachment of many different biotin/avidin conjugates 

with sensors, enzymes, antibodies, antibacterial peptides etc. for different purposes. 

 

 

  



13 

2. THEORETICAL PART 

2. 1. SINGLET OXYGEN (O2(1Δg)) 

Singlet oxygen is a highly reactive species and together with superoxide anion (O2
•-), 

hydroxyl radical (OH•) or hydrogen peroxide (H2O2) belongs to a group of “Reactive Oxygen 

Species” (ROS).5 It is a diatomic highly oxidative and cytotoxic molecule with short lifetime 

that has received significant attention due to its interesting mechanistic and synthetic aspects 

and great environmental, biological and medical significance.6,7,8 In contrast with majority of 

ROS, singlet oxygen is not a radical. The immense reactivity comes from the fact that the 

reactions between singlet oxygen and a vast majority of chemical compounds are spin-allowed, 

while the reactions of common atmospheric triplet dioxygen O2(
3∑g

-) with most of the 

compounds are spin-forbidden.6 

 

Figure 1 Simplified Jablonski diagram with corresponding radiative (direct arrows) and nonradiative (wave 

arrows) transitions (ic internal conversion, isc intersystem crossing).6 

 Figure 1 shows the scheme of molecular orbitals for two existing forms of singlet 

oxygen: O2(
1Δg) with a longer lifetime and state energy of 94.1 kJ mol-1, and the less stable 

form, O2(
1∑g

+), which has a ca 10× shorter lifetime and higher associated energy of 156.9 kJ 

mol-1.9 The transition from the O2(
1Δg) state to the O2(

3∑g
-) state is spin forbidden, which is the 

reason why this state has relatively longer lifetime. The second excited state of oxygen, on the 

other hand, is short-lived because the transition to the O2(
1Δg) state is spin-allowed. The 

difference in stability was verified by the analysis of radiative lifetimes of O2(
1Δg) and O2(

1∑g
+); 

which are ~64 min and 10 - 12 s in the gas phase, respectively. As a result, it is mostly O2(
1Δg) 

that is important in the photooxidation processes.6,10 
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Beside various chemical processes, O2(
1Δg) can be quenched by electronic energy-

transfer (EET) to another molecule, charge transfer (CT) or energy transfer to vibrational states 

of neighbouring molecule, often a solvent.11 For example, carotenoids are known for their 

capacity to quench O2(
1Δg) as well as triplet chlorophylls through a physical mechanism 

involving transfer of excitation energy followed by thermal deactivation.12 

The lifetime of O2(
1Δg) highly depends on the environment (Table 1). In general, polar 

surroundings/solvents with OH groups quench O2(
1Δg) more effectively (τΔ in a range of μs), 

however in non-polar solvents like halogenated hydrocarbons or deuterated solvents, O2(
1Δg) 

can persist for tens of milliseconds. For example, the lifetimes of O2(
1Δg) in water (3.3 ± 0.5 

μs) and deuterated water (66 ± 2 μs) are highly useful for the measurements in the aqueous 

environment.13,14  

Table 1 Summary of lifetimes of O2(1Δg) in different solvents. 

Solvent τΔ (μs) Solvent τΔ (μs) 
H2O 3.3 ± 0.5 (CH3)2CO 50.5 ± 4 

CH3OH 9.9 ± 0.5 D2O 66 ± 2 

CH3CH2OH 15.5 ± 3.5 CH3CN 66.7 ± 13.5 

cyclohexane 21 ± 4 CH2Cl2 101 ± 39 

THF 23 ± 2.6 CHCl3 235 ± 30 

DMSO 24.6 ± 5.4 CD3OD 240 ± 10 

toluene 27 ± 2 CDCl3 650 ± 150 

pentane 29 ± 6 (CD3)2CO 750 ± 80 

hexane 30 ± 1 C6F6 12000 ± 8000 

benzene 32 ± 3.3 CS2 37000 ± 8000 

pyridine 37 ± 20 CCl4 73000 ± 14 000 

O2(
1g) can be generated by various methods like photolysis of ozone, microwave 

charge in the atmosphere of oxygen, or via chemical reactions usually including the presence 

of H2O2.
15,20 A popular method for generation of O2(

1g) is the thermal decomposition of 

endoperoxides derived from naphthalene or anthracene that can also serve as stable storage 

molecules.16 O2(
1g) is also generated in living organisms during various catalytic processes 

involving peroxidases or oxygenases.17 Some molecules reversibly form endoperoxides via the 

reaction with O2(
1g), popular choices are histidine or 2,5-dimethylfuran.18 The produced 

O2(
1g) is highly synthetically useful for generating various oxygenated compounds, e. g. 

endoperoxides from Diels−Alder reactions, dioxetanes from [2+2] cycloadditions, 

hydroperoxides from alkenes and phenols, sulfoxides from sulphides, and phosphine oxides 

from phosphines.19 
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The most convenient method for the generation of O2(
1g), especially for biological and 

medicinal applications, are the photosensitized reactions with a visible light as a trigger of its 

production.10 

 2. 1. 1. Photosensitized generation of O2(1Δg) 

 Since the molecule of dioxygen absorbs only high energy UV radiation in a vacuum at 

147 nm, it is more convenient to excite the oxygen indirectly via photosensitized reactions. The 

mechanism includes the formation of the photosensitizer triplet state and subsequent energy 

transfer to triplet oxygen leading to O2(
1g) formation.20 The scheme of photosensitized 

generation of ROS with possible targets for various photodynamic inactivation processes is 

shown in Figure 2.9 These processes will be further described in the Chapter 2. 1. 3. 

 

Figure 2 Modified Jablonski diagram depicting mechanism of the photosensitized reactions type I and II with 

consequent possible targets in photodynamic inactivation (PDI) processes. S0 is a photosensitizer in the ground 

state, hν is absorbed light, S1 and Sn are excited singlet states of photosensitizer, T1 means the triplet state of 

photosensitizer, isc is intersystem crossing, ic is internal conversion, hνp is phosphorescence and hνf is 

fluorescence. 

 The excitation of photosensitizer is usually achieved via a one-photon absorption (hν) 

of the ground state, S0, to singlet excited states Sn. Fast relaxation of the Sn states yields the 

lowest excited singlet state of the photosensitizer S1. Intersystem crossing (isc) generates the 

photosensitizer in the triplet state (T1). A significantly longer lifetime of the T1 state, typically 

in the range of s-ms, compared to S1 state (ns) is the basic prerequisite for efficient energy 

transfer to O2(
3∑g

-) giving O2(
1g).

6 This is so-called Type II photosensitized reaction.21 
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Type I involves electron transfer from photosensitizer to another molecule. In case of 

O2(
3∑g

-), it produces superoxide anion, O2•-. In aqueous media, O2•- can subsequently form 

hydroperoxyl radical, OOH•, that can further disproportionate to hydrogen peroxide, H2O2.
22 

There are numerous photosensitizers which efficiently photogenerate O2(
1g) such as 

eosin, rose bengal, methylene blue, perylenequinones, fullerenes, triarylmethane dyes etc.23,24 

Recently, the photogeneration of O2(
1g) was also found in gold clusters.25 However, the 

mechanism is not yet fully understood. Other cluster molecules showing the propensity to 

produce O2(
1g) are molybdenum clusters,26 rhenium clusters27 or clusters of boron hydrides. 

The inorganic boron hydride anti-B18H22, otherwise highly efficient blue laser dye,28 is also 

able to produce O2(
1g), however with a very low quantum yield of ~0.008.29 Nevertheless, 

tuning of its photophysical by straight-forward chemical substitution to produce 4,4’-(HS)2-

anti-B18H20, facilitates intersystem crossing from excited singlet states to a triplet manifold. 

This subsequently enhances O2(
1Δg) production from a quantum yield of ΦΔ ~0.008 in anti-

B18H22 to 0.59 in 4,4’-(HS)2-anti-B18H20.
30 

The vast majority of photosensitizers studied for medical and/or biological applications 

were organic compounds with a porphyrinoid structure.31,32 The reason behind this preference 

is the extensive knowledge of their chemistry together with the similarity to natural porphyrins 

frequently occurring in living organisms as well as their strong absorption of the visible light. 

Generally, photosensitizers can be divided by the type of orbital from which comes the 

excited electron. If the excited electron comes from non-bonding orbital n, the photosensitizers 

are of (n, π*) type and prefer Type I photosensitized reaction while (π, π*) photosensitizers 

rather prefer Type II reaction. Wilkinson et al.13 suggested that the photosensitizers should be 

divided by the mechanisms of quenching of their energetic states during the photosensitized 

reaction. The group of ST photosensitizers (e. g. anthracenes) produces O2(
1g) via spin-

allowed deactivation processes from their lowest excited singlet states and also triplet states. 

The TC photosensitizers (e. g. fluoranthenes) cannot produce O2(
1g) from their excited singlet 

state but are able to catalyse intersystem crossing by oxygen quenching of the singlet state 

producing the triplet state. In a group of T photosensitizers, O2(
1g) is produced solely from 

their excited triplet states due to highly efficient intersystem crossing.21 

The choice of specific photosensitizer depends on a given application including media 

in which the photosensitized reaction will be carried on. Generally, the important aspects are 

high absorption coefficient in visible part of the spectrum, good solubility in given solvent, low 
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aggregation that would quench the excited states, high quantum yields of triplet states (ɸT) and 

their long lifetimes (τT). The triple states should also have energy high enough to generate 

O2(
1g) with efficient quantum yield (ɸΔ). Moreover, the photosensitizer should be photostable 

and stable towards the reaction with O2(
1g). 

2. 1. 2. O2(1Δg) detection methods 

Various methods of O2(
1g) detection exist. As an example, electron paramagnetic 

resonance (EPR) can be used even though O2(
1g) is not a radical species. However, it is 

possible to use its interaction with some non-radical species like 2,2,6,6-tetramethylpiperidine 

which produces relatively stable radical.33 It is also possible to monitor O2(
1g) through its non-

radiative decay via photothermal techniques like Time Resolving Thermal Lensing (TRTL) or 

Laser-Induces OptoAcoustic Spectroscopy (LIOAS) but they are not specific for O2(
1g). 

It is generally assumed that time-resolved spectroscopy is one of the most reliable 

methods of O2(
1g) detection and kinetics. O2(

1g) exhibits phosphorescence centred at 1270 

nm (Figure 1) that can be by directly observed and followed. Such measurements are usually 

challenging, because the O2(
1g) emission is very weak (ɸP < 10-4) compared to, e. g., the 

fluorescence signal of the photosensitizer. It requires a strong excitation laser and NIR sensitive 

photon counting detectors. The transition of O2(
1g) to the ground state is strongly spin-

forbidden, depending on the surrounding environment. D2O is often used as a solvent for 

O2(
1g) phosphorescence detection due to longer O2(

1g) lifetime (>60µs) and corresponding 

stronger signal of phosphorescence in this media.34 The kinetics of porphyrin triple states and 

O2(
1g) can be described by Equations 1 and 2: 

 
(1) 

 

(2) 

, where ASO is a parameter dependent on quantum yield of O2(
1g), τT is a lifetime of 

photosensitizer triplet states on air, τΔ is a lifetime of O2(
1g), [O2(

1g)] represents the 

concentration of O2(
1g) in time t, [3P]0 and [3P] are concentrations of photosensitizer triplet 

states in time t0 (immediately following the excitation and isc) respectively in time t. 
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O2(
1g) can also be detected by singlet oxygen-sensitized delayed fluorescence (SODF). 

SODF process is a relatively rare type of delayed fluorescence35 observed for some fluorescent 

photosensitizers.36 The mechanism is summarized in Equation 3:  

 

(3) 

O2(
1g) produced by photosensitized reaction, via energy transfer from the triplet states 

of one photosensitizer molecule (T1) to triplet atmospheric oxygen (O2
3g

-) can then interact 

with the triplet states of other neighbouring photosensitizer molecule. This leads to repopulation 

of excited S1 state from which the delayed fluorescence is emitted. The close proximity of the 

photosensitizer triplet states and the O2(
1g) significantly contributes to the efficient 

repopulation of the S1 fluorescent states. The SODF signal depends quadratically on the 

intensity of exciting light but also strongly depends on the concentration of dissolved oxygen. 

This method can be used for an imaging of both O2(
1Δg) and O2(

3∑g
-), measurements of O2(

1Δg) 

lifetimes and detection of O2(
1Δg) and O2(

3∑g
-).37,38 Equation 4 can be employed in the 

calculations of the lifetimes of the triplet states (τT) and O2(
1g) (τΔ): 

 
(4) 

, where A is a parameter and ISODF represents the intensity of SODF. 

Beside physical detection methods, numerous chemical methods of O2(
1g) detection 

can be employed as well. The chemical detection methods are derived from a high selective 

reactivity of O2(
1g) mainly toward unsaturated hydrocarbons.39,40 Quite typical are the addition 

reactions to double bonds (C=C) including oxidation of olephins ([2+2] cycloaddition), 1,3-

diols ([4+2] cycloaddition) or other aromatic and heterocyclic compounds forming mainly 

dioxetanes, hydroperoxides and endoperoxides as intermediates.20 These methods are mainly 

based on the absorption changes or changes in fluorescence of a probe in a proper solvent. The 

choice of solvent is highly important. Using deuterated solvents, prolongs the lifetime of 

O2(
1g) (Table 1) thus accelerates the substrate oxidation. The main process of O2(

1g) 

deactivation by solvents is non-radiative electronic-to-vibrational energy transfer. A change in 

the efficiency of solvent-dependent non-radiative deactivation consequently affects the 

efficiencies of competing processes (e. g. O2(
1g) reactivity/phosphorescence) and prove that 

photooxidation of a substrate with a number of different assays especially in aqueous media.8 

As example frequently used H2O/D2O test can be used also to discriminate whether the 
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photooxidation of a substrate goes via O2(
1g) or not. If the substrate is oxidized by O2(

1g), 

the efficiency of photooxidation of the substrate is much higher in D2O, where the lifetime of 

O2(
1g) is ca 16× higher than in H2O. 

For aqueous environments, O2(
1g) formation can be followed by selective and sensitive 

photooxidation of uric acid, a known O2(
1g) acceptor.12 The decrease of the absorption band 

(photobleaching) of uric acid at 292 nm is proportional to the amount of generated O2(
1Δg). The 

O2(
1g) formation in aqueous environments can be also followed by using simple and sensitive 

iodide method.41,42 The amount of photoproduced I3
- (followed as the increase of absorption 

bands at 287 and 351 nm) is directly proportional to the concentration of generated O2(
1g). 

Although this method is highly sensitive, it is not specific for O2(
1g) and H2O/D2O test (or 

similar test e. g. using specific O2(
1g) quenchers like NaN3) has to be used. Other compounds 

that are often used for spectrophotometric detection of O2(
1g) in aqueous solutions include the 

potassium salts of 1,3-bis[4-(9-carboxynonyl)phenyl]-5,6-dimethyl-4,7-dihydroisobenzofuran, 

tryptophan or N,N´-dimethyl-4-nitrosoaniline. Especially N,N´-dimethyl-4-nitrosoaniline is 

often used for O2(
1g) measurements in biological samples.20 The decrease of its absorbance at 

λ = 440 nm is directly proportional to the concentration of generated O2(
1g). However, the 

presence of imidazole or histidine is required as the transient endoperoxides they form react 

with O2(
1g) and mediate the of the absorbance of N,N´-dimethyl-4-nitrosoaniline.20 

In non-polar media, the photooxidation of 1,3-diphenylisobenzofuran by O2(
1g) 

followed as its decreasing absorbance (photobleaching) at λ = 440 nm is frequently used.43 

Beside the decrease of its absorbance, decreasing intensity of fluorescence (λ = 455 nm) can be 

monitored as well.43 

Some of the luminescent methods are using special probes that either generate (6-

hydroxy-9-(3-karboxy-9,10-dimethyl-2-anthryl)-3H-xanthen-3-on)44 or quench (bilirubin)45 

their fluorescence by the reaction with O2(
1g). Another example can be 1-((E)-2-

methoxyvinyl)pyren which decomposes after the reaction with O2(
1g) to form dioxetane 

intermediate which rapidly decomposes to pyren-1-carbaldehyde accompanied by the 

chemiluminescence at λ = 465 nm.43 
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2. 1. 3. O2(1Δg) in medicine 

Photosensitized production of O2(
1g) can be employed in various areas such as 

photodynamic therapy (PDT) of cancer or atherosclerosis,32,46,47 photodynamic inactivation of 

pathogenic microorganisms (PDI),48 photodynamic antimicrobial chemotherapy (PACT),49 

blood disinfection,50 and sun-light activated insecticides and pesticides.51 The photodynamic 

effect rests in the oxidative damage of a biological target, mainly by O2(
1g), which is generated 

in situ by photosensitized reactions. Interestingly, O2(
1g) produced in very low concentration 

within the cells can enhance their proliferation.52 

In PDT (Figure 3), a photosensitizing agent (photosensitizer) is injected into the 

bloodstream. The photosensitizer is absorbed by most of the cells of the body, however, in 

cancer cells it remains for longer time than it does in normal cells. Approximately 24 to 72 

hours after the injection, the majority of photosensitizer has left normal cells and the tumour is 

exposed to visible light.53 The photosensitizer in/on the tumour cells absorbs the light and 

produces O2(
1g) that destroys the tumour cells.54 Laser light can be directed endoscopically 

through fibre optic cables to deliver light to areas inside the body.55 Other light sources e. g. 

light-emitting diodes (LEDs) may be used for surface tumours, such as skin cancer.55 For the 

excitation of photosensitizer the visible light in red region (λ = 600 - 800 nm) is usually used. 

Shorter wavelengths can be absorbed by the endogenous chromophores like melanin or 

haemoglobin while longer wavelengths do not possess sufficient energy for photogeneration of 

O2(
1g).

56 The advantage of using O2(
1g) production in PDT lies in its short lifetime with short 

diffusion pathway, thus it only destroys the near surrounding of the photosensitizer, the cell 

membranes and organelles, consequently leading to cell apoptosis or necrosis. The 

photosensitizers used in PDT should meet several requirements like high photostability, high 

binding selectivity towards cancer tissue, low dark toxicity, intense fluorescence for their 

monitoring within the patient’s body and low tendency to aggregate.57 
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Figure 3 Sequence of steps during the photodynamic therapy (PDT). 

The increasing resistance of bacteria, viruses and other pathogens towards antibiotics, 

antivirotics and other drugs in general is currently a big challenge in medicine. The 

photodynamic inactivation (PDI) or photodynamic antimicrobial chemotherapy (PACT) can be 

used for inactivation of bacteria, viruses, fungi, parasites (Figure 2) or treat localized infections 

which was already shown in several clinical studies.58,59 Both are highly promising 

antimicrobial strategies that combine visible light and a non-toxic dye (photosensitizer) 

producing ROS that can inactivate the treated pathogens. The photosensitizer is accumulated 

inside the pathogen cells and then irradiated with visible light to trigger the production of ROS, 

which is the case for in vivo applications. The photosensitizer can be also attached to some 

supporting (nano)materials and produced ROS inactivate the pathogens in the surroundings of 

the photosensitizer. O2(
1g) is able to oxidize important cellular targets such as membrane, 

enzymes, and lipids that lead to pathogen killing.60 A huge advantage is that PDI or PACT 

cannot cause any resistance to develop in microbes, nor are affected by existing drug resistance 

status.  

Some of water-soluble porphyrinoids are photosensitizers with high 
61 with potential 

applications in PDI or PACT.10 The tendency of porphyrinoids to spontaneously aggregate 

especially in aqueous environment is not desirable since the photodynamic efficiency decreases 

as a result of the poor or absent ability of dimer and higher aggregates to produce O2(
1g).

62 

Binding of porphyrinoid photosensitizers to biopolymers and/or transporting carriers is a 

subject of recent studies since the binding can cause changes in the physico-chemical and 

photophysical properties of the photosensitizers and can prevent aggregation.10,63  

Especially cationic porphyrinoids have attracted considerable attention as effective 

photosensitizers.64 The membrane barriers of Gram-positive bacteria consist of a relatively 
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thicker but porous cell wall made up of inter-connected peptidoglycan layers surrounding a 

cytoplasmic membrane.65 The teichoic acid residues of the cell wall contribute to the negative 

charge and consequent binding sites for cationic molecules.65 The cell wall of Gram-negative 

bacteria contains a thin peptidoglycan layer adjacent to the cytoplasmic membrane. In addition 

to the peptidoglycan layer the Gram-negative cell wall also contains an additional outer 

membrane composed by phospholipids and lipopolysaccharides which overall causes again 

negatively charged cell wall surface. Generally, Gram-negative bacterial strains are less 

susceptible to PDI because their membrane barrier prevents uptake of anionic and neutral 

PS.66 This initial difficulty in photodynamic inactivation of Gram-negative bacteria was 

overcome using cationic photosensitizers. Other option is to couple or combine photosensitizers 

with positively charged polymers such as polyethyleneimine which was shown to enter the 

bacterial cytosol via the “self-promoted uptake pathway” caused by the higher interaction with 

the divalent cation (Ca2+/Mg2+)-binding sites on cell surface lipopolysaccharide compared to 

the cations themselves.67,68 Moreover, due to the binding affinity of cationic porphyrins towards 

nucleic acids, they can selectively photocleave DNA69,70 and inhibit telomerases.71,72 The 

photoinactivation of extremely resistant bacteria73,74 and antiviral activity75,76,77 were also 

reported. 

  

https://en.wikipedia.org/wiki/Peptidoglycan
https://en.wikipedia.org/wiki/Cytoplasmic_membrane
https://en.wikipedia.org/wiki/Peptidoglycan
https://en.wikipedia.org/wiki/Phospholipid
https://en.wikipedia.org/wiki/Lipopolysaccharide
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2. 2. NITRIC OXIDE (NO) 

Recently, the attention of researchers dealing with PDI and PACT partially shifts 

towards nitric oxide (NO) due its role in oxidative stress, DNA damage, disrupting cellular 

energy metabolism, mitochondrial function and calcium homeostasis.78 NO is a simple diatomic 

free radical with one lone-pair electrone and together with nitrosyl NO+ and nitroxyl NO- are 

the most important members of the group called “Reactive Nitrogen Species” (RNS). NO is 

neutral in charge and has small molecular size.79 It posesses antimicrobial properties that are 

caused by direct or indirect oxidation through the formation of peroxynitrite. Moreover, the 

lifetime of around 4s in air and its diffusion radius 40-200 μm makes NO ideal candidate for 

the use in medicinal applications.79,80  

NO reacts with oxygen to nitrogen dioxide (NO2). In biological tissue, like cell 

membranes, the reaction is approximately 300× faster. Pathologically important is the reaction 

between NO and superoxide anion O2
- that leads to formation of peroxynitrite, OONO-. Due to 

its oxidizing properties towards thiol groups or iron atoms, peroxynitrite can damage a wide 

array of molecules in cells, including DNA and proteins.81 Peroxynitrite can be protonated at 

pH 7.0-7.2 to peroxynitrous acid (HOONO) and subsequently decompose into O2(
1g) and 

HNO according to a spin-conserved unimolecular mechanism.82 

NO can react directly with haem or other types of ligated iron to give nitrosylated derivatives, 

e. g. the haem-nitrosyl formation in vascular smooth muscle soluble guanylate cyclase (sGC), which 

then stimulates formation of cyclic guanosine monophosphate (cGMP), resulting in vasodilatation 

and lowering of blood pressure.83 NO also functions as a signalling molecule. The signalling NO 

is produced by a five-electron oxidation of a guanidino nitrogen of L-arginine (L-Arg) catalysed 

by nitric oxide synthases (NOSs). L-Arg is oxidized to L-citrulline via two consecutive 

monooxygenation reactions producing Nω-hydroxy-L-arginine (NOHLA) as an intermediate. 

2 mol of O2 and 1.5 mol of NADPH are required for production of 1 mol of NO.84  

Over the last three decades, the role of NO in the cancer therapies dependent on oxygen 

and the generation of ROS, such as PDT, has been studied.80 The positive and negative effects 

of NO are hugely dependent on its concentration. Higher concentration of NO helps to maintain 

vessel dilation during PDT, which results in increased tumour oxygenation, thus larger 

phototoxic damage.85 However, the tumours with elevated NO levels are more resistant to PDT 

and NOS inhibition increases the cure rate of PDT in vivo.86 Overall, the role of NO in PDT is 

a complex topic requiring more research and clinical studies to be fully understood.87 
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2. 2. 1. Donors of NO 

Similarly to O2(
1Δg) and photosensitizers in photodynamic processes, NO is usually 

delivered to the site of action stored in a form of NO-donors, compounds that can store NO in 

an air-stable form. Normally, NO oxidizes to NO2 almost immediately if it gets in contact with 

air. Numerous NO donor classes exist e. g. nitrosothiols, oximes, organic nitrates, etc.88 which 

store and release NO through various mechanisms. It is of high importance to understand these 

basic mechanisms when choosing the ideal NO donor for any application. For example, organic 

nitrates release NO by a three-electron reduction, which can be performed via either an 

enzymatic or non-enzymatic pathway. Organic nitrites generate NO by a one-electron reduction 

by hydrolysis of nitrite that is subsequently reduced to NO. Metal-NO compounds release NO 

by enzymatic reduction or one electron reduction by thiols or haemoproteins. Oximes release 

NO through a proposed radical decomposition at basic pH (>8).89 Very popular class of NO-

donors are compounds that produce NO upon thermal decomposition like S-nitrosothiols or 

some transition-metal complexes.79 However, this feature can be also seen as disadvantage due 

to generally low thermal stability of these NO-donors with more requirements for their handling 

and storage. 

Overall, the biological effects of NO seem to be highly complex and dependent on 

various factors like site, concentration and dosage.90 Thus, NO-photodonors, releasing NO 

exclusively upon irradiation with visible light, are much more appealing than those based on 

spontaneous thermolysis or metabolic transformation.91 

 2. 2. 2. Photodonors of NO 

The important criteria for NO-releasing molecules in/on antibacterial materials for bio-

applications are rapid and precise spatiotemporal control of NO delivery which is best met by 

visible light as an elegant and especially non-invasive on/off trigger. A further advantage lies 

in the fact that photons do not affect important physiological parameters like pH, temperature 

and/or ionic strength. Integration of NO-photodonors within the structure of appropriate 

materials represents a key step in the fabrication of functional devices for phototherapeutic 

applications. 

The photodonors derived from transition metal complexes of ruthenium, iron or 

manganese release NO under irradiation with UV and/or visible light. However, they are quite 

photosensitive and need to be protected and stored in the dark.92 In the class of the amphiphilic 

p-nitroaniline photodonors, the twisted geometry of the NO2 group with respect to the aromatic 

plane, due to the presence of the CF3 substituent, is the key to NO photorelease (Figure 4). 
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Nitro to nitrite photorearrangement is followed by the rupture of a relatively weak O–NO bond 

leading to the generation of NO and a relatively stable phenoxy radical.93 

For comparison, S-nitrosothiols can offer higher quantum yields of NO production (up 

to 0.5) due to the relatively simpler mechanism of NO release by thermal decomposition, but 

they are less stable at the same time compared to the amphiphilic NO-photodonors derived from 

p-nitroanilines which usually show quantum yields below 0.1.79 In case of NO-photodonors, 

the quantum yields of NO production are not as important as it is in a case of photosensitizers. 

The generation of O2(
1g) is based on photophysical processes which should not affect the 

chemical structure of photosensitizer, thus the function depends highly on the photosensitizer 

photostability. The generation of NO implies a photochemical reaction which degrades the 

photodonor centre. Thus, the lower quantum yield of NO production also prolongs the life span 

of the NO-photodonor.94 

 

Figure 4 Idealized view for the NO photoreleasing on the amphiphilic p-nitroaniline photodonor. 

Through experimental studies, NO-donor and NO-photodonor molecules were used to 

demonstrate the validity that NO has a strong antimicrobial activity. NO releasing compounds 

were shown to successfully inhibit or kill microbes and the anti-microbial activity of NO was 

demonstrated to be effective against viruses, bacteria, fungi, parasites and anti-cancer 

therapies.95,96,97,98 

 2. 2. 3. NO detection methods 

As in the case of O2(
1g), the methods to detect NO are based on either direct physical 

measurement of NO or chemical tests in which changes in absorption or fluorescence spectra 

of the probes are followed. 

Overall, the most common method for direct measurement of NO levels is the 

amperometric detection. The electrodes have short response time and high sensitivity >1 nM. 

As NO is generated, it subsequently diffuses across the gas permeable/NO-selective membrane 
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and is oxidized at the working electrode surface producing a redox current. The amount of NO 

oxidized is proportional to the current flow between working and reference electrodes, which 

is measured by a NO meter.99 Likewise O2(
1g), NO can be detected by electron paramagnetic 

resonance (EPR) using spin-tripping method. For trapping of NO are most often used Fe2+-N-

methyl-D-glucamine-dithiocarbamate or haemoglobin.100 

Indirect chemical assay can be readily employed for the confirmation of NO production. 

One of the most common chemical methods is the Griess reaction. It is a two-step diazotization 

reaction in which dinitrogen trioxide (N2O3) generated from the acid-catalysed autooxidation 

of NO reacts with sulphanilamide to produce a diazonium ion which is then coupled to N-(1-

napthyl)ethylenediamine to form a chromophoric azo- product that absorbs strongly at 540 

nm.101 

Increased sensitivity in NO detection (10-30 nM) is achieved by using fluorometric 

methods. The weakly fluorescent 2,3-diaminonaphthalene (DAN) reacts rapidly with N2O3 

generated from the interaction of NO with oxygen to yield the highly fluorescent product 2,3-

naphthotriazole (NAT) as seen in Figure 5. 

 

Figure 5 Fluorometric detection of NO using 2,3-diaminonaphthalene (DAN) assay. 

Using myoglobin (Mb) is a simple and fast way to qualitatively detect NO. Mb exhibits 

its Soret band at 410 nm. Reduction with dithionite results in a shift of the absorption maximum 

to 432 nm. Subsequent reaction with NO leads in the shift of Soret band to 420 nm.102 Similarly, 

reaction of oxyhaemoglobin with NO also causes blue-shift of absorption maxima from 415 to 

406 nm.103 
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2. 3. POLYETHYLENEIMINE 

The threat of the pathogens resistance towards traditional antibiotics and antimicrobial 

agents can be overcome not only by using highly reactive inorganic and gaseous species such 

as NO or O2(
1g) but also by cationic organic polymers like polyethyleneimine (PEI) that are 

often used for antibacterial coatings.104 PEI is a polymer with repeating unit composed of the 

amine group and two-carbon aliphatic CH2CH2 spacer (Figure 6). The amino group ratio is 

1 : 2 : 1 (i. e., 25% of primary amines, 50% of secondary amines, and 25% of tertiary amines). 

The amino groups of PEI are chemically reactive and consequently enable a wide variety of 

chemical modifications which provide PEI with appropriate physicochemical properties.105  

 

Figure 6 Chemical structure of PEI. 

PEI is obtained by cationic polymerization of aziridine105 and can be used for several 

purposes, for example as a drug support,106 catalyst supports107 and is a common microbicidal 

ingredient in washing agents or packaging materials.108 Polycations exhibit antibacterial 

properties, since they can interact with and disrupt bacterial cell membranes.109 Moreover, it 

was recently discovered that PEI plays an important role in the inhibition of biofilm 

formation.110 It is of high importance to use molecules inhibiting biofilm formation on medical 

devices like catheters or wound dressings since the growth of microorganisms on their surfaces 

often reduces their function.111 PEI also has a strong permeabilizing effect and enhances the 

bactericidal efficacy of hydrophilic and hydrophobic antibiotics.112 The cytotoxic effects of PEI 

itself on bacteria were confirmed.113 The high content of amino groups in PEIs enables the usage 

of PEIs in other fields of application, e. g. as a chelating agent for metal ions,114 or in waste 

water treatment.115  
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2. 3. 1. Capture of gases by polyethyleneimine 

Moreover, PEI is a well-known for its affinity towards gas molecules, especially carbon 

dioxide (CO2),
116,117 due to the presence of large number of amine groups in its structure. The 

primary and secondary amino groups of PEI can reversibly react directly with CO2 at room 

temperature to form carbamates118 which can be explained using the Hard Soft Acid Base 

rule.119 CO2 is a hard acid and can interact with hard bases such as amines. Both linear and 

branched polyethyleneimine have been used for CO2 capture, frequently impregnated over 

porous materials for their high surface area. For example, PEI polymer can be used to improve 

the CO2 removal in space craft applications.120 

In majority of applications, PEI is used for CO2 removal, however it has found also an 

application in wound healing area as retention of CO2 was found to enhance blood 

microcirculation in wounds and the rise of oxygenation level due to the so-called “Bohr effect” 

which is a physiological phenomenon describing the release of oxygen from haemoglobin 

consequently increasing the oxygen concentration within the tissues.121 All of these features are 

beneficial to wound healing which was first shown already in 1930s on patients with vascular 

impairment.121 

Interestingly, the secondary amino groups in PEI structure can interact with NO to form 

the diazeniumdiolate ([N(O)NO]-) and subsequently work as a NO-donor. The spontaneous 

dissociation under physiological conditions yields 2 mol of NO per mole of [N(O)NO]- 

functional group.122 Although both, primary and secondary amines react with NO, secondary 

amines are employed more often, as their diazeniumdiolates tend to be more stable and give 

greater NO yields. The antibacterial properties were proven against Pseudomonas 

aeruginosa.123 However, the procedure takes 3 days and requires high-pressure reactors to 

achieve a pressure of 550 kPa, at normal conditions PEI interacts preferably with CO2.
118  

Beside CO2 and NO, the propensity to capture oxygen and methane was shown when 

studying separation of CO2/CH4 and O2/N2 mixtures.124 

Combining the features of PEI with the photoproduction of NO or O2(
1g) may lead to 

(nano)materials with a highly efficient antimicrobial action. 
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2. 4. POLYMER NANOMATERIALS FOR MEDICINAL APPLICATIONS 

All features of previously mentioned species can be combined via functionalization of 

polymer nanomaterials that represent the largest and most versatile class of biomaterials that 

has been studied extensively and utilized in an increasing number of fields.  

Regarding the photoproduction of O2(
1g), the vast majority of photosensitized reaction 

are being carried out in liquid environments and this brings up several limitations like a dark 

toxicity of the photosensitizer, its aggregation, poor solubility of photosensitizers or quenching 

their excited states. The way of avoiding these problems is to use solid matrices as a support 

for photosensitizers like silica, alumina, cellulose, Nafion or encapsulate them into polymer 

matrices with sufficient oxygen permeability. Due to its small size, O2(
1g) can easily diffuse 

even inside of materials with high density. The short lifetime of microseconds limits the 

diffusion of O2(
1g) typically to tens or several hundreds of nanometres out of the matrix. The 

distance (d) which O2(
1g) can diffuse during its lifetime (τΔ) is described by Equation 5: 

 
(5) 

, where D stands for diffuse coefficient of oxygen (includes diffuse coefficient of the matrix 

and the surroundings. 

From the given information follows that the diffuse pathway of O2(
1g) depends on the 

support material, its size and the surrounding environment to which O2(
1g) diffuses out. These 

criteria are best met by nanomaterials like nanofibers or nanoparticles with size ranging from 1 

nm to 400 nm. 

While generation of O2(
1g) is based on photophysical processes, in principle, without 

chemical changes in the photosensitizer, photogeneration of NO implies a photochemical 

reaction with consequent degradation of the photodonor centre. Incorporation of NO-

photodonors within the structure of appropriate materials like nanofiber membranes or 

nanoparticles offers the advantage of concentrating a large number of chromophores in a 

restricted area leading to a significant increase of the NO reservoir and the light harvesting 

properties of the photodonors.  
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2. 4. 1. Polymer nanofiber membranes 

 Polymer nanofiber membranes are nonwoven textiles which can have exceptional 

properties such as large surface area, high oxygen permeability, nanoporous structure, good 

transparency to visible light, low weight, and low cost. Obviously, the properties of such 

materials depend on the choice of polymer. Various nanofiber polymers have found a wide 

range of uses: in the fields of protective clothing,125 drug carriers,126 medicine,127 and sensing,128 

for example.  

Beside other methods, the nanofiber membranes are most often prepared by 

electrospinning (Figure 7) which is a simple and relatively low-cost technology. When a 

sufficiently high voltage is applied to a liquid droplet and it becomes charged. The electrostatic 

repulsion then counteracts the surface tension to a critical point when a stream of liquid erupts 

(known as Taylor cone) from the surface and a charged liquid jet is formed. The jet dries in 

flight until it is finally deposited on the grounded collector. The elongation and thinning of the 

fibre leads to the formation of uniform fibres with nanometre-scale diameters. 

There are various technical setups of electrospinning device. For a small-scale 

production of nanofibers, devices with needle electrode(s) are frequently used. For the large-

scale production, rotating cylinder electrode in which the electrode is partially immersed in the 

polymeric solution can be used. As the electrode rapidly rotates, the Taylor cones are formed 

on the top of the cylinder that is closest to the collector electrode. The most recent developments 

led to a usage of a wire electrode over which a tank with polymer solution moves (Figure 7).129 

 

Figure 7 Scheme of the electrospinning device. 

Other methods of preparation of nanofibers include self-assembly methods,130 phase 

separation methods,131 interfacial polymerization,132 rapidly initiated polymerization133 and 

template- or pattern-assisted growth.134 None of these methods work on such a scale as 
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electrospinning plus as well, the electrospinning does not require any further purification or 

separation of resulting nanofibers. 

Since the nanofiber membranes are recently in the scientific spotlight due to their high 

potential for use in various areas of medicine, numerous technologies have been used to modify 

nanofiber surfaces, including physical, chemical, biological and nano- technologies.135 It is also 

possible to modify the polymers before the electrospinning, e. g. by doping with various 

molecules.136 

Very popular physical method of nanofiber modification is the plasma treatment which 

provides environmental-friendly approach to modifying the surface of polymer nanofibers. 

Moreover, the process does not affect the bulk properties of the treated nanofiber membranes.137 

Cold gas plasma has been used for modification of PA6 nanofibers137, acrylic acid was used for 

functionalization of electrospun poly(vinylidene fluoride) (PVDF) by the plasma-induced 

grafting138 and the same method was used for surface modification of biodegradable poly(lactic-

co-glycolic acid) (PLGA).139 Overall, plasma treatment leads to increase in wettability due to 

the introduction of oxygen-containing functional groups on their surfaces.74 Consequently, it 

causes an increase in the effective contact between the surface and the target. This effect was 

demonstrated in our laboratory on PS nanofiber membranes that were treated by oxygen plasma. 

The apparent contact angle (ACA) changed from 130 ± 4° for the pristine PS to < 5° for the 

water droplet deposited on the surface of the nanofiber membrane.74 Other physical methods of 

nanofiber modification include physical vapour deposition (PVD) or ion beam implantation.135 

The chemical methods provide more versatile approach to adjust nanofiber properties. 

For example, polycaprolactone (PCL) nanofibers were modified by a covalent attachment of 

gelatine for a potential application as a blood vessel in tissue engineering,140 polyacrylonitrile 

(PAN) nanofibers were functionalized by amidoxime for a reversible chelation of metal ions 

demonstrated on Cu2+ and Cd2+.141 Polydopamine (PDA) was used for coating of electrospun 

PS nanofiber membrane doped with photosensitizer, which again strongly increased the 

wettability/hydrophilicity compared to the pristine PS.74 

The electrospun polymer nanofibers can be additionally modified by numerous other 

methods using nanotechnologies (sol-gel, atomic deposition, molecular imprinting).135 

Due to our interest in the generation of O2(
1g) for biological applications, one of our 

study focused on the behaviour of O2(
1g) when photosensitizer was encapsulated in various 

polymers. The study focused on the role of the oxygen transport properties (oxygen 
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permeability/diffusion coefficients) of polymeric materials in the photooxidation and 

antibacterial properties predicted on the basis of photophysical measurements (Table 2).136  

Table 2 Properties of nanofiber polyurethane (PUR), polystyrene (PS), polycaprolactone (PCL) and polyamide 6 

(PA6) doped with 1% tetraphenylporphyrin (TPP) as photosensitizer.136 

 

The majority of prepared nanofiber membranes exhibited antibacterial activity against 

Escherichia coli and completely inhibited the bacterial growth upon irradiation by visible light. 

Lower antibacterial activity was found for PA6 nanofiber membranes with low oxygen 

permeability/diffusion coefficient with low production of O2(
1g), below the detection limit of 

luminescence measurements. 

Thus, in our following studies, polystyrene (PS) or polyurethane (PUR) and 

polycaprolactone (PCL) nanofiber membranes were mainly used. All polymers are a low cost, 

chemically well-defined and have excellent optical transparency. PS can be further 

functionalized by post-processing modifications: chlorsulfonation or sulfonation.142 Moreover, 

both sulfonated and especially chlorsulfonated PS can be further modified. Chlorsulfonation in 

particular opens more ways for the further functionalization, which has been studied on 

transparent PS thin layers142 but not in such a detail on nanofiber membranes. Theoretically, 

any molecule with amine group can be reacted with chlorosulfonic (SO2Cl-) group on PS. For 

example, using azido- or ethynyl amines could lead to successful “click” reactions which has 

already been performed on different polymer nanomembranes.143,144 

Our laboratory have developed photoactive nanofiber membranes with encapsulated or 

ionically attached porphyrinoid photosensitizers that generate O2(
1g) in high quantum yield 

upon irradiation by visible light that consequently efficiently inactivates bacteria such as 
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Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa,58,74,136,145,146 non-

enveloped polyomaviruses and enveloped baculoviruses147 on the surface of such nanofiber 

membranes. The nanoporous structure prevents the passing of bacteria and other pathogens 

through the nanofiber membranes thus they are detained on the surface.74,148 The small diameter 

of the nanofibers allows the efficient diffusion of O2(
1g) through the nanofiber polymer, with 

high oxygen permeability/diffusion which yields to efficient photooxidation of chemical or 

biological targets.149,150 For example, nanofiber polyurethane with encapsulated 

tetraphenylporphyrin photosensitizer (TPP) was successfully applied to dermatology as 

antibacterial wound covering activated by visible light.58  

It is also possible to attach photosensitizers to the surface of nanofibers instead of 

encapsulation. The highly efficient antibacterial effect (Figure 8) was observed on the 

sulfonated PS nanofiber membrane with externally bounded cationic 5,10,15,20-tetrakis(N-

methylpyridinium-4-yl)porphyrin tetra(p-toluenesulfonate) (P1) photosensitizer. The lifetime 

of photoproduced O2(
1g) is generally higher when the photosensitizer is externally bonded to 

nanofibers compared to the nanofiber membrane with encapsulated photosensitizer.77 

A B 

  

Figure 8 A: Antibacterial activity of the surface of sulfonated PS nanofiber membrane with ionically attached 

P1 (1) or sulfonated material without P1 (2) when irradiated with a 400 W solar simulator for 2 minutes. The 

samples were inoculated with the E. coli strain DH5α (blue-green spots) before irradiation. B: Antibacterial 

activity of the surface of the same nanofiber membranes when stored in the dark.74 

Beside using O2(
1g) production for medicinal purposes, the importance of O2(

1g) in 

photodegradation of pollutants was also demonstrated.151 The production of O2(
1g) by 

photosensitized oxidation using homogeneous solutions of photosensitizer exhibits some 

practical limitations. First of all, photosensitizer must be soluble in the reaction mixture and its 

excited form should react exclusively with oxygen demonstrating passivity towards other 

reagents. The main problem is the separation of the photosensitizer from the solution after the 

reaction. The immobilization of photosensitizer onto insoluble matrix, like nanofiber 
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membrane, permits to avoid these difficulties reducing simultaneously unwanted aggregation, 

quenching and photooxidation of the photosensitizer. Polyurethane nanofiber membrane doped 

with TPP was successfully employed for photodegradation of water-soluble pollutant 2-

chlorphenol,151 which is listed in the Priority Pollutant List of the Environmental Protection 

Agency in the United States.152 

Alternatively, nanofibers can be modified by grafting a longer-lived antibacterial agent 

e. g. nitric oxide (NO). The gaseous delivery of NO to selected targets has motivated the 

development of a range of molecular NO donors and photodonors, and their incorporation 

within a variety of materials for biomedical applications has been achieved in recent years.79,153 

Often, the nanofiber membranes functionalized with NO-photodonors are able to induce 

complete healing in wounds because they prevent infection and promote cell growth. Beside 

the antimicrobial effect of NO, the wound healing is also promoted by its vasodilation features. 

In general, there are many clinically used vasodilators, e. g. nicotinic acid (niacin), angiotensin 

converting enzyme inhibitors, calcium channel blockers, prostaglandins etc. All of these drugs 

act ultimately by stimulating NO production. However, the possibility of delivering NO directly 

to the wound is intriguing for many researchers. For example, nanofiber membranes with 

covalently attached S-nitrosothiols as NO donors have been prepared via thiolation or S-

nitrosation of the poly(lactic-co-glycolic-co-hydroxymethyl propionic acid) and subsequently 

electrospun. The resulting material exhibited a strong antibacterial effect.154,155 Similarly, 

nanofiber gelatine, nonimmunogenic biopolymer, modified with S-nitrosothiol is another 

example of photoactive nanofiber membrane releasing NO. Due to its unique gelation property 

caused by triple helix conformation and high water absorption capacity, it immensely helps to 

promote wound healing. Nevertheless, this material requires removal of any trace amounts of 

metal ions (Ca2+, Cu2+, Fe2+) that negatively affect its porosity and disturbs the NO delivery. 

The photorelease of NO is triggered by the excitation with visible light (λmax = 527 nm) and this 

material was proofed to be effective against S. aureus.156 NO-photodonors based on ruthenium 

nitrosyls were used for modification methacrylate-based polymers157 and biodegradable 

polymer matrix (e. g. poly(L-lactide-co-D/L-lactide).158 

Especially the combination of O2(
1g) with NO or other antimicrobial agent represents 

an interesting strategy in view of multimodal antibacterial treatments triggered by visible light. 

It is possible that the response to light of multiple photoactive molecules concentrated in a small 

area can be extensively influenced, especially their efficiency, by the presence of competitive 

photophysical processes like non-radiative deactivation or energy transfers, which might be an 
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issue for using two or even more different chromophores in parallel. The bimodal antibacterial 

action was shown in our study on multifunctional PS nanofiber membranes with covalently 

bonded NO-photodonor N-(3-aminopropyl)-3-(trifluoromethyl)-4-nitrobenzenamine and 

ionically attached 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porfyrin tetra(p-

toluenesulfonate) photosensitizer. The attachment of these compounds to PS nanofibers did not 

diminish their function and these multifunctional nanofiber membranes simultaneously 

generate both antimicrobial species, NO and O2(
1Δg), upon the exclusive control of visible light. 

The bimodal photo-induced antibacterial action triggered by daylight illumination in 

combination with the nanoporous character of the PS material trapping bacteria on its surface 

make these nanofiber membranes highly intriguing for any application where the sterile 

environment must be achieved and/or maintained.76 

2. 4. 2. Polymer nanoparticles 

The slight drawback of the relatively small volume that can be actively affected using 

nanofiber membranes may be overcome by using suitable nanoparticles (NPs) instead of 

nanofiber membranes as a matrix for photoactive compounds. Polymeric NPs are advantageous 

due to size effects, which can overcome the diffusion limitations of short-lived species like 

O2(
1g).  

Polymer NPs can be prepared by various methods including solvent evaporation, 

salting-out, dialysis. They can also be directly synthesized by multiple polymerization methods 

like micro-emulsion, mini-emulsion, surfactant-free emulsion and interfacial polymerization.159 

A simple nanoprecipitation technique was developed in our laboratory that uses electrospun PS 

nanofiber membrane. The photoactive compounds can be encapsulated in the nanofibers or 

added during the nanoprecipitation process. In general, the use of sulfonated nanofiber PS leads 

to more stable NPs towards aggregation due to the intense negative charge on the surface. The 

high stability is caused by the repelling of negative charges via strong Coulombic forces. The 

PS core has similar density to surrounding aqueous environment enabling an efficient diffusion 

of antibacterial species, it is transparent to visible light and has a high oxygen diffusion 

coefficient.77 

In general, NPs with antibacterial properties triggered via visible light excitation or 

some other triggers such as heat, pH etc. or the NPs that possess antibacterial properties by their 

nature such as silver NPs are considered as an alternative to antibiotics and have strong potential 

to solve the problem of bacterial multidrug resistance.160 The mechanisms of NPs antibacterial 

action are still poorly understood, they include oxidative stress induction and/or metal ion 
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release and/or non-oxidative mechanisms.160 In general, the multiple simultaneous mechanisms 

of their microbicidal would require multiple simultaneous gene mutations in the targeted 

bacterial cell for antibacterial resistance to develop; therefore, it is difficult for bacterial cells 

to become resistant to NPs.161 It is an advantage to prepare polymer NPs functionalized with 

photoactive molecules releasing antimicrobial agents such as NO and/or O2(
1g) because their 

mechanism of antimicrobial action is well-known. Additionally, NPs can not only combat the 

microbial resistance themselves, but can also act as a “medium and carrier” of various drugs 

which is the case of e. g. liposomal, magnetic, mesoporous silica NPs etc.162 

Among the variety of polymer particles useful for biological applications, PS NPs have 

high efficiencies due to their biocompatibility, good uptake properties, low toxicity, 

permeability to oxygen, and slow excretion.77 PS NPs also have an advantage in smaller 

environmental impact than the commonly used silver NPs. Moreover, the prepared NPs can be 

simply removed after the use from the aqueous environment by filtering through the 

polyurethane nanofiber membranes (Figure 9) which may be an important feature with possible 

high impact in nanotechnology.77 

 

Figure 9 SEM micrographs: Polyurethane (Tecophilic) nanofiber membrane as a filter before and after filtration 

of sulfonated PS NPs.77 

These advantages were shown in some of our studies. The NPs prepared with TPP 

photosensitizer have strong antibacterial and antiviral properties tested on E. coli and non-

enveloped mouse polyomavirus, respectively.77 These NPs can also be applied to the 

photooxidation of external substrates based on photogenerated O2(
1g). Moreover, platinum 

octaethylporphyrin (Pt-OEP) photosensitizer encapsulated in PS NPs can also serve as an 

oxygen sensor as it exhibits reversible luminescent response and linear Stern−Volmer 

quenching behaviour over the whole range of dissolved oxygen concentrations.163 NPs can be 

also used in micro (bio) compartments (e. g. cells) where the application of nanofiber 

membranes is impossible.77 



37 

There is a major advantage if the same material that is used for photooxidation can be 

also used as a sensor. The common features of polymeric nanomaterials with porphyrin 

photosensitizers not only include efficient generation of O2(
1g) but also so-called singlet 

oxygen-sensitized delayed fluorescence (SODF, see Chapter 2. 1. 2.).145 Its importance lies in 

the close proximity of the encapsulated/bounded photosensitizer triplet states and the O2(
1g) 

in/on PS NPs or nanofibers. As the distance between the molecules of photosensitizer is shorter 

the repopulation of the S1 fluorescent states is more efficient. The intensity of SODF signal 

directly depends on the concentration of dissolved oxygen. Thus, this method can be employed 

for atmospheric O2(
3∑g

-) and O2(
1Δg) imaging, photosensitizer imaging or measurements of the 

lifetimes of O2(
1Δg) and the triplet states of photosensitizer.37,38  
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2. 5. BIOTIN-AVIDIN SYSTEM 

Additionally, with the recent progress in polymer nanomaterials functionalization, 

immobilizing bioactive molecules has become highly intriguing due to the potential to achieve 

biologically functionalized materials for drug delivery, tissue engineering and 

biosensors.164,165,166 

Avidin and its homologs are proteins derived from both avians and amphibians that 

show considerable affinity for biotin (vitamin H) which is highly selective and stable. The 

interaction between avidin and other biotin-binding proteins is the strongest known non-

covalent interaction (Kd = 1.3×10-15 M) between a protein and ligand. The bond formation is 

rapid, and once formed, is unaffected by extremes of pH, temperature, organic solvents and 

other denaturing agents. In general, avidins have the ability to bind up to four biotin molecules 

(Figure 10) that can be additionally attached to various enzymes, antibodies, target proteins or 

interact with another avidin molecule, making this interaction ideal for both purification and 

detection strategies.167 

 

Figure 10 Scheme of the avidin-biotin interaction. 

 Biotin can be found in all living cells. Since it is a relatively small molecule, it can be 

conjugated to many proteins without significantly altering their biological activity. The valeric 

acid side chain of the biotin molecule can be derivatized to incorporate various reactive groups 

that are used to attach biotin to other molecules. Using these reactive groups, biotin can be 

easily attached to most proteins and other molecules.168 

Like secondary antibodies, the avidin-biotin detection system allows an almost 

unlimited number of primary detection reagents like antibodies, nucleic acids probes and 

ligands to be easily captured, recovered, immobilized or detected with a very small number of 

secondary detection reagents generated by modifying avidins or biotins. The applications for 

which the avidin-biotin interaction is commonly used include: enzyme-linked immunosorbent 

assay (ELISA), immunohistochemistry (IHC), cell surface labelling and many others.167 
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If a specific biotinylated molecule is not available, there are many commercially 

available reagents to facilitate biotinylation in the lab.169 Likewise, avidins can also be modified 

as needed.170 For example, using biotin azides might lead to modification of ethynylated 

nanofiber membranes by “click” reaction.143,144 Such a membrane could subsequently interact 

with avidins thus making an interesting material with high potential in medicinal applications 

which is one of the topics described in this thesis (see Chapter 5. 3.).  

A high advantage of using nanofiber membranes as a support for bioactive molecules is 

that even just small volume of electrospun nanofiber can provide a large surface area for an 

interaction plus the analyte/substrate has an easy access to detection/binding sites of bounded 

bioactive molecules. In this respect, the important nanofiber membrane features are especially 

the surface functionality, high hydrophilicity and stability in aqueous environment. The 

nanofiber surface must be functional to readily interact with the biological molecules. 

Moreover, a majority of biological processes occurs in water, thus the requirement for the high 

hydrophilicity.171 

As an example of such existing nanofiber system is the electrospun polylactic acid 

(PLA) immobilized with biotin.172 However, this system does not offer a long-time stability in 

aqueous environment as the nanofiber have the tendency to dissolve with 25% weight loss after 

one day. Similarly, PLA was directly electrospun with biotin.173 Although the biotinylated PLA 

interacted well with avidin, the electrospun membrane displayed quite heterogenous 

distribution of biotin. Another very popular nanofiber support for biotin-avidin system is the 

poly(ε-caprolactone-co-lactide)/Pluronic matrix.174 The conjugated avidin served for an 

attachment of cells and the matrix also displayed better cell adhesion and proliferation capacity, 

implying a promising application in skin care. For the same purpose were modified the 

polyvinylalcohol nanofibers. For the purpose of protein immobilization and protein 

separation/purification an amphiphilic triblock copolymer, biotinylated poly(ethylene glycol)-

b-poly(L-lactide)-b-poly(L-lysine) with poly(L-lactide-co-glycolide) was prepared.175 

Although, it offers high functionality, it is quite complicated system at the same time. 
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3. AIMS OF THE THESIS 

The main aim of this thesis was to develop polystyrene multifunctional nanofiber 

membranes or nanoparticles as novel functionalized nanomaterials with antibacterial and 

possible wound healing properties. The antibacterial features can be achieved by the 

functionalization of polystyrene nanomaterials with either photoactive molecules 

(photosensitizers and/or NO-photodonors) producing well-known inorganic antimicrobial 

agents (singlet oxygen and/or nitric oxide) or by polycationic polymers with a dark toxicity and 

antibiofilm features (polyethyleneimine). The antibacterial features should also affect the 

healing process. Moreover, nitric oxide displays not only antibacterial action but also has strong 

vasodilation effect; polyethyleneimine additionally reduces the bacteria adhesion. Both effects 

should further accelerate the healing process. 

Additional aim of the thesis was to study the possibility of covalent attachment of biotin 

for subsequent conjugation of avidin molecules to prepare polymer nanofiber membrane that 

could be utilized in biomedical applications. To proof this concept, we used a well-known 

horseradish peroxidase conjugated to avidin and studied its functionality after the attachment 

to PS nanofiber membrane. 

An important goal throughout the thesis was to carefully characterize all prepared 

materials by multiple independent methods and especially study the ideal conditions of their 

functionality.  
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4. EXPERIMENTAL SECTION 

Chemicals. 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin tetra-p-

toluensulfonate (P1), 5,10,15,20-tetrakis(4-sulfonatophenyl)porphin, propargylamine, azo-

biotin-azide, scopoletin, horseradish peroxidase (HRP), uric acid, cyclohexanone, 

tetraethylammonium bromide (TEAB), 1,3-propyldiamine, 4-chloro-2-(trifluoromethyl)-1-

nitrobenzene, 4-chloro-7-nitrobenzofurazan, deuterium oxide, 2,3-diaminonaphthalene (DAN), 

myoglobin (Mb, from equine heart), SNAP (S-nitroso-N-acetyl-DL-penicillamine), 

chlorosulfonic acid, polyethyleneimine (branched; Mw ~25000), ninhydrin, ampicillin sodium 

salt, potassium iodide, benzophenone, sodium, sodium hydrosulfite, pyridine, were purchased 

from Sigma-Aldrich. LB agar (Lennox) and LB medium (Lennox) were purchased from Carl 

Roth GmbH & Co., Germany. The polystyrene, Synthos PS GP 137, was purchased from 

Synthos Kralupy a.s., Czechia. Dichloromethane, acetonitrile, hexane, tetrahydrofuran, 

hydrochloric acid, hydrogen peroxide, ethanol and methanol were purchased from Lach-Ner, 

s.r.o., Czechia. Avidin-Horseradish peroxidase (AHRP) conjugate (Invitrogen™) was 

purchased from ThermoFisher Scientific, Czechia. Sodium hydroxide was purchased from P-

LAB, a.s., Czechia. Phosphate buffer saline solution (PBS) was purchased from Lonza Biotec, 

s.r.o., Czechia. Zinc(II) 2,9,16,23-tetrakis(N-methyl-pyridiumoxy)phthalocyanine, tetraiodide 

(P2) was purchased from COC s.r.o., Czechia. Tetrahydrofuran (THF, HPLC-grade) was dried 

by distillation with sodium and benzophenone before use. Other chemicals were used as 

delivered.  

Synthesis of NO-photodonor N-(3-aminopropyl)-3-(trifluoromethyl)-4-

nitrobenzenamine (N1). In the first step, 1.7 mL of 1,3-propyldiamine and 2.12 g of Na2CO3 

were refluxed in 50 mL of ethanol for 15 min. Then, 600 μL of 4-chloro-2-(trifluoromethyl)-1-

nitrobenzene was added, and the mixture was continuously stirred for 3 days. After cooling to 

ambient temperature, the resulting dispersion was filtered. The organic solution was 

concentrated under reduced pressure and purified by column chromatography (SiO2, methanol 

100%) to produce N-(aminopropyl)-3-(trifluoromethyl)-4-nitrobenzenamine (N1) as a yellow 

powder. 1H-NMR CD3OD: δ 7.93 (1H, d, J = 9.2 Hz), 6.90 (1H, d, J = 2.6 Hz), 6.69 (1H, dd, J1 

= 9.2 Hz, J2 = 2.6 Hz), 3.19 (NH2CH2CH2CH2NH, 2H, t, J = 7.0 Hz), 2.71 

(NH2CH2CH2CH2NH, 2H, t, J = 7.1 Hz), 1.74 (NH2CH2CH2CH2NH, 2H, m). 

Synthesis of NO-photodonor 4-(N-(aminopropyl)-3-(trifluoromethyl)-4-

nitrobenzenamine)-7-nitrobenzofurazan (N2). N1 (400 mg, 1.6 mmol) was dissolved in 20 

mL of acetonitrile and added to 8 mL of acetonitrile solution of 4-chloro-7-nitrobenzofurazan 
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(368 mg, 1.8 mmol, 1.13 eq.). After 2h of stirring at the ambient temperature, the reaction was 

stopped. Subsequently, the organic solution was concentrated under reduced pressure and 

purified by column chromatography over silica gel (chloroform/methanol, 99/1) to give N2 

(yield 13 %, 86 mg) as an orange-brown powder. 1H-NMR CD3CN: δ 2.07 (2H, qt, 3JH-H = 6.5 

Hz, NHCH2CH2CH2NH), 3.37 (2H, dt, 3JH-H = 6.5 Hz, CH2NHC6H3NO2CF3), 3.64 (2H, m, 

CH2NH-NBF), 5.90 (1H, s broad, NHC6H3NO2CF3), 6.31 (1H, d, 3JH-H = 9.0 Hz, CArH (NBF)), 

6.78 (1H, dd, 3JH-H = 9.0 Hz, 4JH-H = 2.5 Hz, CArH), 6.99 (1H, d, 4JHH = 2.5 Hz, CArH),7.44 

(NH(NBF),1H, s broad), 7.99 (1H, d, 3JH-H = 9.0 Hz, CArH), 8.48 (1H, d, 3JH-H = 9.0 Hz, CArH 

(NBF)). 

Electrospinning. A mixture of 0.07 wt % TEAB, and 99.93 wt % polystyrene (PS) were 

dissolved in cyclohexanone to prepare a 17% solution for the fabrication of PS nanofiber 

membrane. The nanofiber membranes were produced using the modified NanospiderTM 

electrospinning industrial technology.145 This used simultaneous formation of charged liquid 

jets on the surface of a thin wire electrode, where the number and location of the jets is set up 

naturally in their optimal positions.176 The diameters of the nanofibers were measured by means 

of image analysis software NIS Elements 4.0 (Laboratory Imaging, Czechia). 

Preparation of nanoparticles. Electrospun PS nanofiber membranes (250 cm2, 127 

mg) fixed on quartz substrates were treated by immersion in 96% sulfuric acid at room 

temperature for 54 h. The materials were washed with deionized water until a neutral pH was 

reached and were then stored in water. Typically, a wet, sulfonated nanofiber membrane was 

immersed in 16 mL of dry THF with already dissolved N2 (2 mg) for 60 s with stirring, and 

then deionized water (80 mL) was added. THF was removed by evaporation under vacuum. 

The resulting dispersion of NPs in water designated as N2-NPs was centrifuged for 10 min at 

4700g to remove microparticles. The P1 and P2 photosensitizers were attached by adding 0.5 

mL of their 1×10-4 M solution to 40 mL of NPs dispersion in water to form P1/N2-NPs and 

P2/N2-NPs, respectively. The dispersions of nanoparticles were then dialyzed by use of Float-

A-Lyzer G2 with a molecular weight cut-off of 50 000 for 18 h in deionized water at room 

temperature to remove traces of sulfuric acid, THF or the excess of photoactive molecules. 

Ion Exchange Capacity (IEC). Approximately 100 cm2 of the sulfonated material was 

treated with 20 ml of 10 mM NaOH solution for 1 day to exchange the H+ with Na+. 

Alternatively, approximately 20 mL (∼1.7×1013 NPs mL-1) of dialyzed NPs was treated with 

10 mL of 0.01 M NaOH solution for 1 h to completely replace the H+ with Na+. Remaining 

NaOH was titrated by 10 mM HCl using potentiometric indication. IEC was related to the mass 
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of dried materials. From the IEC the quantity of bonded compounds on the surface was 

calculated. 

Scanning electron microscopy (SEM). The nanofiber morphology was studied with a 

scanning electron Quanta 200 FEG microscope (FEI, Czechia).  

Transmission electron microscopy (TEM). TEM micrographs were obtained with a 

Tecnai G2 Spirit Twin12 microscope (FEI, Czechia) at an acceleration voltage of 120 kV. A 2 

μL aliquot of the 1.9 mg mL−1 NPs dispersion was dropped onto a copper TEM grid coated with 

electron-transparent carbon film. After 1 min, the solution was removed by touching the bottom 

of the grid with filter paper. 

The apparent contact angle measurements. The hydrophobic/hydrophilic character 

of PS surfaces before and after the functionalization was characterized by apparent contact 

angle (ACA) measurements using Surface Energy Evaluation System (See System Standard, 

Czechia). The ACA of the PS surfaces were measured using a 3 µL deionized water droplet. 

Each measurement was repeated three times in order to obtain average value of the contact 

angle calculated by multipoint fitting of the drop profile using SEES software.  

Gravimetric Analysis. Fifty-millilitre samples of NPs were dried at 50°C to a constant 

weight. The weight was determined on a precision weighing balance GR-200 (A&D 

Instruments Ltd.). 

Dynamic Light Scattering (DLS). Particle size and size distributions in water were 

determined by dynamic light scattering on a Zetasizer Nano ZS particle-size analyser from 

Malvern. 

Ninhydrin essay. Ninhydrin solution (0.2 g ninhydrin, 0.5 mL acetic acid, 99.5 mL 

ethanol) was sprayed on a piece of PEI and PEI/N1 nanofiber membrane (ca 4 cm2). After ca 1 

minute, the membranes were dried by using a heat gun which initiated the colour change. 

Fourier Transform Infrared Spectra. FTIR spectra of the samples were collected in 

the transmission mode by a Thermo Scientific FTIR spectrometer (Nicolet 6700) with Happ-

Genzel apodization in the 400−4000 cm−1 range. 

UV/vis spectroscopy. UV/vis absorption and diffuse reflectance spectra were recorded 

on Varian 4000  and Unicam 340 spectrometers, respectively. Steady-state fluorescence spectra 

were monitored on an FLS 980 (Edinburgh Instruments) spectrofluorometer. The sample of 

nanofiber membrane (one layer on a quartz plate) was placed at the entrance of the sphere and 

measured in the diffuse reflectance mode to minimize light scattering. 
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HABA assay. The reagent was prepared by dissolving 4'-hydroxyazobenzene-2-

carboxylic acid (HABA; 24.2 mg) in 9.8 mL of deionized water and 200 µL of 1 M NaOH. 

Subsequently, 300 µL of the 0.01 M HABA solution was added to 10 mL of PBS (pH = 7.0) 

and used for dissolution of avidin (5 mg), thus making 3×10-4 M HABA-Avidin reagent. The 

samples of nanofiber membranes (blank sulfonated PS or with bonded biotin; ca 4 cm2) were 

immersed into 2 mL of HABA-Avidin reagent in a thermostatted quartz cell for 3 hours at 37oC 

after which the changes in the UV/vis absorption spectra were monitored (λmax = 500 nm). The 

results were compared with the interaction of standard biotin solution (0.002 M in 0.02 M PBS, 

pH = 7) with 3×10-4 M HABA-avidin reagent to calculate the amount of bonded biotin on the 

surface of nanofibers.  

Scopoletin assay. The PBS solutions of H2O2 (3 mL, 0.5 mM) and scopoletin (10 µL; 

7.7×10-4 M) were mixed in a thermostatted quartz cell at 25 oC and the fluorescence intensity 

was immediately measured. The fluorescence intensity was checked after 5 minutes whether it 

remained stable. Subsequently, either the sample of nanofiber membrane (blanks or with 

bonded avidin-horseradish peroxidase; ca 4 cm2) or 100 µL of avidin-horseradish peroxidase 

solution (0.25 mg mL-1 in PBS, pH = 7.0) was added to the cuvette and incubated for 10 minutes 

at 25 oC. Then, the decrease of fluorescence intensity was monitored. All samples were excited 

at λ = 350 nm, emission was recorded at λ = 460 nm. The effects of the samples on the scopoletin 

fluorescence without the presence of H2O2 were also checked as another controls. 

Amperometric detection of NO. The release of NO was measured with a World 

Precision Instrument, ISO-NO meter, equipped with a data acquisition system, and based on 

the direct amperometric detection of NO with a short response time (< 5 s) and a sensitivity 

range of 1 nM to 20 µM. The analogue signal was digitalized with a four-channel recording 

system and transferred to a computer. The sensor was accurately calibrated by using standard 

solutions of SNAP (S-Nitroso-N-acetyl-DL-penicillamine) at defined temperature. 

A sample of photoactive nanoparticles in water (3mL; ∼1.7×1013 NPs mL-1) or ca 4 cm2 

of nanofiber membranes were placed in a thermostatted quartz cell. The cell was irradiated with 

visible light from a stabilized Xe-lamp (500 W, Newport) with a long-pass filter (λ ≥ 400 nm, 

Newport). The NO measurements were conducted using the electrode positioned outside the 

light path to avoid NO signal artefacts due to photoelectric interference on the ISO-NO 

electrode.  

Chemical detection of NO. Released NO was also detected using 2,3-

diaminonaphthalene (DAN) and myoglobin (Mb) chemical tests.177,178 The DAN test is based 



45 

on reaction of non-fluorescent DAN with N2O3 which is immediately formed by reaction of NO 

with O2. The reaction yields to the highly fluorescent 2,3-naphthotriazole (NAT). A piece of 

nanofiber membranes (ca 4 cm2 on quartz plate) was placed in a thermostatted 10 mm quartz 

cell (22 °C) containing 3.5 ml of 0.31 mM DAN in 0.62 M HCl. Alternatively, 1.5 mL of 

photoactive nanoparticles (∼1.7×1013 NPs mL-1) was placed in a thermostatted 10 mm quartz 

cell (22°C) that contained 1.5 mL of 0.31 mM DAN in 0.62 M HCl.  

The cell was irradiated with visible light from a stabilized Xe-lamp (500 W, Newport) 

with long-pass filter (λ ≥ 400 nm, Newport). After the irradiation 200 µl aliquot and 100 µl 2.8 

M NaOH was put into the fluorescent cuvette and diluted by 3.2 ml of deionized H2O. The NO 

was detected as emission at 450 nm (λexc = 365 nm). 

The Mb test is based on UV/vis detection of Mb(FeII)-NO adduct. The UV/vis spectra 

of 3.5 ml 3 mM Mb in phosphate buffer (pH=7.0) before and after the addition of 250 μl 0.05 

M Na2S2O4 in H2O were recorded. The reduction of Mb(FeIII) to Mb(FeII) was observed as a 

shift of the Soret band from 410 to 432 nm. The piece of nanofiber membranes (ca 4 cm2 on 

quartz plate) was added into thermostatted 10 mm quartz cell (22 °C) containing freshly 

prepared Mb(FeII) detection solution. Alternatively, 1.5 mL of the nanoparticles (∼1.7×1013 

NPs mL-1) was added to the thermostatted quartz cell that with the Mb(FeII) detection solution. 

The cell was irradiated with visible light from a stabilized Xe-lamp (500 W, Newport) 

with long-pass filter (λ ≥ 400 nm, Newport). After the irradiation the Soret absorption band of 

NO-adduct at 420 nm was detected. 

The time-resolved near-infrared phosphorescence of O2(1g). The samples of 

nanomaterials doped with photosensitizers were placed on a quartz plate in an evacuable cell. 

The cell was connected to a glass vacuum line or to oxygen. Total pressure in the cell was 

measured with capacitance manometers (MKS Baratron). Samples were excited by a Lambda 

Physik COMPEX102 excimer laser (308 nm, pulse width 28 ns) and an FL 3002 dye laser (425 

nm, 658 nm). Time-resolved near-infrared phosphorescence of O2(
1Δg) at 1270 nm was 

observed at the right angle to an excitation pulse using a homemade detector unit (interference 

filter, Ge diode Judson J16-8SP-R05M-HS).  

Photooxidation of model species. A piece of the nanofiber membrane (ca 4 cm2) was 

placed in a thermostatted 10 mm quartz cell (22 °C) containing 2×10-4 M uric acid in 0.02M 

phosphate buffer (pH = 7.0) or 0.1 M iodide detection solution. Alternatively, 1 mL of the NPs 

(∼1.7×1013 NPs mL-1) was mixed in the thermostatted cell with 1 mL 2×10-4 M uric acid in 0.02 
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M phosphate buffer (pH = 7.0) and 1 mL of either 0.02 M phosphate buffer (pH = 7.0) or 0.01 

M NaN3 quencher in 0.02 M phosphate buffer (pH = 7.0).  

The cell was irradiated with visible light from a stabilized Xe-lamp (500 W, Newport) 

with a long-pass filter (λ ≥ 400 nm, Newport). The UV/vis absorbance changes at 292 nm 

(attributed to photodegradation of uric acid)179 or at 351 nm (attributed to the formation of I3
- 

in iodide test),41,42 were recorded at regular intervals and compared to a blank solution of the 

same composition that was stored in the dark. 

CO2 adsorption. The PSPEI, PSPEI/N1, and parent PS membranes were probed by 

adsorption isotherms measurement using Belsorp-max II (MicrotracBEL). Before 

measurement, the samples were evacuated at 40°C for 5 days. First, the surface area was 

determined by adsorption of nitroget at the temperature of liquid nitrogen. Then, CO2 sorptions 

were performed at room temperature (25°C) and the temperature of skin (32°C). 

Crystal Violet Assay. Crystal Violet (CV) assay was used to determine the E. coli 

ability of to be adsorbed on the surface of nanofiber membrane. The samples of nanofiber 

membranes (pristine PS membrane as a blank; sulfonated PS, PSPEI and PSPEI/N1) were 

incubated in a suspension of E. coli (ca 1000 colonies per mL) in PBS for 4 hours at 37°C. 

Then, the samples were taken out of the suspension and carefully washed with PBS. 

Subsequently, 100 μL of 0.05 wt% CV staining solution (deionized water/methanol 75/25) was 

pipetted on the surface of nanofiber membranes and incubated at ambient temperature for 

additional 30 minutes after which the samples were washed under gentle stream of deionized 

water. All samples were then analysed by diffuse reflectance measurement. 

Bacteria filtration. A culture of E. coli DH5α (Invitrogen, CA, USA) resistant to 

ampicillin was incubated for 2.5 hours by stirring in LB medium that was enriched by ampicillin 

at 37°C. The prepared culture was diluted 5000× to the desired concentration in PBS. The 

diluted bacterial suspension (1.0 mL) was filtrated through a piece (ca 4 cm2) of nanofiber 

membrane (PSPEI or PSPEI/N1). 150 μL aliquots of the bacterial suspension (before filtration 

and the filtrate) were then pipetted on the sterile agar plates. The plates were incubated for 16 

h in the dark at 37°C to allow the individual bacteria to grow and form colonies. The colony 

forming units (CFU) were then counted. 

Antibacterial Tests. For confirmation of spatial antibacterial properties of the 

functionalized PS nanofiber membranes, a modified AATCC TM 100 test method was used. A 

culture of E. coli DH5α (Invitrogen, CA, USA) that was resistant to ampicillin was incubated 

for 2.5 hours by stirring in LB medium that was enriched by ampicillin at 37 °C. After that time, 
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the absorbance at 560 nm reached a value of ca 1. The prepared culture was diluted 5000x to 

the desired concentration in PBS. The diluted bacterial suspension (1.0 mL) was pipetted into 

a quartz cuvette and nanofiber membrane (ca 4 cm2, free or functionalized with active 

molecules) was added in that suspension. Alternatively, NPs from stock dispersions (∼1.7×1013 

NPs mL-1) were mixed with diluted culture in a ratio of 1:1. The cells were subsequently 

irradiated with visible light (λ ≥ 400 nm) for 5 or 10 min or stored in the dark. After a brief 

shaking, 150 μL of the bacterial suspension was placed on the sterile agar plates. The plates 

were incubated for 16 h in the dark at 37°C to allow the individual bacteria to grow and form 

colonies. The colony forming units (CFU) were then counted. 

The antibacterial test under hypoxic conditions was performed as follows. The bacterial 

suspensions with or without N2-NPs were shortly bubbled with nitrogen prior to irradiation for 

antibacterial tests. The concentration of dissolved oxygen was measured by InPro 6880i 

Oxygen Sensor (Mettler Toledo). Then, 150 μL aliquot of each sample was pipetted on the 

sterile agar plates. The plates were incubated for 16 h in the dark at 37°C after which the colony 

forming units (CFU) were counted. 

For the demonstration of surface antibacterial effect, the blank, or active materials were 

placed on the sterile agar plate and then their surfaces were inoculated with 50 μL 

(approximately 700 CFUs) of a suspension of E. coli in PBS. The plates were incubated for 16 

h in the dark at 37°C to allow the individual bacteria to grow and form colonies. Then, the 

surfaces of the materials were enriched with 20 μL X-Gal (20 mg mL-1 in 50% DMF) and 20 

μL IPTG (23 mg mL-1). E. coli DH5α (Invitrogen, CA, USA) contains the pGEM11Z plasmid 

(Promega WI, USA), which produces β-galactosidase. The blue-green colour of the colonies 

was due to an indolyl dye produced from the X-Gal substrate by bacterial β-galactosidase. 

Software. Origin 2016 was used for data processing. 2D chemical structures were 

drawn in ChemDraw 12.1, 3D structures were exported from Mercury 8.1. The schemes were 

made in PowerPoint 2016. 
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5. RESULTS AND DISCUSSION 

            The results discussed in the following chapters are clearly arranged in 3 separate studies, 

one has already been published,1 one was recently sent for publication,2 and the third one is in 

the form of proof of concept. All figures in Chapters 5. 1. and 5. 2. were taken from the 

respective articles1,2 and modified for the purposes of the presented thesis. 

5. 1. ANTIBACTERIAL NITRIC OXIDE AND SINGLET OXYGEN RELEASING 

POLYSTYRENE NANOPARTICLES RESPONSIVE TO LIGHT AND 

TEMPERATURE TRIGGERS1 

5. 1. 1. Preparation and characterization of NPs 

During this study, three types of polystyrene nanoparticles (PS NPs) were prepared, the 

chemical structures of employed photoactive molecules are depicted in Figure 11. 

 

Figure 11 The structures of the photoactive compounds: 4-(N-(aminopropyl)-3-(trifluoromethyl)-4-

nitrobenzenamine)-7-nitrobenzofurazan NO-photodonor (N2) and tetracationic tetraiodide 5,10,15,20-

tetrakis(N-methylpyridinium-4-yl)porphyrin tetra-p-toluensulfonate (P1) and zinc(II) 2,9,16,23-tetrakis(N-

methyl-pyridiumoxy)phthalocyanine (P2) photosensitizers. 

The aqueous dispersion of PS NPs with encapsulated N2 (N2-NPs) or without N2 were 

prepared by a top-down precipitation method starting with nanofiber electrospun membranes 

after their extensive sulfonation (Figure 12).77 Briefly, electrospun PS nanofiber membrane 

was immersed in 96% sulfuric acid for 54 h. The materials were properly washed with deionized 

water after which a piece of sulfonated nanofiber membrane and N2 (1.8 wt%, 0.034 mg mL-1 

in the resulting dispersion) were dissolved in dry tetrahydrofuran (THF), stirred rapidly and 

then deionized water was added. THF was evaporated and the resulting dispersion of NPs in 

water was centrifuged to remove microparticles. The P1 and P2 photosensitizers were attached 

by adding their respective aqueous solutions to N2-NPs to form P1/N2-NPs and P2/N2-NPs, 
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respectively. The dispersions of NPs were then dialyzed to remove all traces of undesired 

compounds (for details, see Experimental section). 

In general, this method is suitable for any hydrophobic compound that is shielded by the 

PS shell from the surroundings, which efficiently prevents leakage of the encapsulated 

compounds into the aqueous media. In addition, PS shell is transparent to visible light and has 

high oxygen permeability [P(O2) = 1.9×10−13 cm3cm cm−2 s−1 Pa−1] and oxygen diffusion [D(O2) 

= 2.8×10−7 cm2 s−1] and because similar data were reported for behaviour of NO in PS 

matrices,180 it follows that use of NO and O2(
1g) photorelease from PS NPs should be an 

effective strategy for highly efficient antibacterial action. 

The nanofiber character of the membranes with a large surface area subjected to long-

time sulfonation (54 h) yielded NPs with a large number of sulfonate groups (~2.2×104), as 

demonstrated by a high average IEC of ~1.8×10-4 mol g-1 (Table 3). Although, it might seem 

easier to directly electrospun sulfonated PS, the resulting nanofiber membrane is very sensitive 

towards moisture with the tendency to lose the nanofibrous character.181 The negatively charged 

sulfonate groups stabilize the resulting NPs due to the electrostatic repulsion. The time of 54 

hours of sulfonation was chosen for the maximum effect of the reaction, further sulfonation 

damages the compactness of nanofibers. Beside increasing stability of resulting NPs, the 

sulfonation also highly affects the size and polydispersity of NPs. The NPs prepared from 

pristine PS were several times larger (~230 nm). Sulfonation of the nanofibers led to a decrease 

in size of the NPs as can be seen in Table 4 with low polydispersity (0.2 - 0.3), while original 

PS NPs were characterized as polydispersed.77 

 

Figure 12 Schematic diagram of the preparation of the photoactive NPs with corresponding SEM and 

TEM images. 
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THF needs to be distilled before use to get rid of all the stabilizing peroxides. Otherwise, 

these peroxides negatively affect the properties by causing high dark toxicity of resulting NPs. 

N2 was chosen for several factors. The molecule is insoluble in water, thus does not leak from 

within the PS nanoparticle. Moreover, it is also green emitting molecule which is an advantage 

for its detection. In general, the quantum yields of NO production from the amphiphilic NO-

photodonors derived from nitroanilines such as N2 are relatively low (below 0.1) because of 

the photoinduced molecular rearrangement.79 However, such a quantum yield of NO production 

is still sufficient for the effective antibacterial action and due to the fact that one molecule of 

the photodonor can only release one molecule of NO, high quantum yields would result in 

shorter life span of the NO-photodonor.94 

The encapsulation of N2 did not influence the IEC or the average diameter of the NPs 

(36 ± 5 nm) which was validated by two independent methods - DLS and TEM. Gravimetric 

analysis of the NPs revealed that the average concentration of the prepared NPs (stock 

dispersion) was ∼1.7×1013 NPs mL-1 (Table 3). 

To further enhance the antibacterial action, two different types of photoactive NPs 

dispersions with ionically bonded photosensitizers (Figure 11) were prepared (P1/N2-NPs and 

P2/N2-NPs) by adsorption of the corresponding photosensitizer (0.76 μg mL-1/0.04 wt% of P1 

and 1.14 μg mL-1/0.07 wt% of P2) on the surfaces of sulfonated N2-NPs. The photosensitizers 

were chosen due to their commercial availability, photostability and good quantum yields of 

O2(
1Δg) production. P1 is a tetracationic porphyrin with a strong absorption in the blue region 

that has been studied as a dye for use in photodynamic therapy (PDT)6 It is an efficient 

photosensitizer of singlet oxygen (Φ = 0.74 in water).182 P2 is a tetracationic phthalocyanine 

compound with a strong absorption in the red region. Phthalocyanines are important 

photosensitizers used in PDT.183 This particular phthalocyanine possesses the quantum yield of 

O2(
1Δg) production Φ = 0.58 in dimethylformamide.183 A strong aggregation occurs when it is 

dissolved in water and quantum yield drops almost to zero which can be avoided by the binding 

on a surface of some supporting material as it is in this case. 

Also, this modification had no influence on the diameter of the NPs, as again proven by 

DLS and TEM (35 ± 6 nm for P1/N2-NPs and 34 ± 6 nm for P2/N2-NPs) (Figure 13). The 

concentration of photoactive molecules in the nanoparticle suspensions remained constant 

throughout the study (1.7×1013 NPs mL-1). All parameters of the prepared NPs are summarized 

in Table 3 and Table 4. 
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Figure 13 TEM micrograph with the corresponding distribution of NPs diameters of sulfonated PS NPs (A), 

N2-NPs (B), P1/N2-NPs (C) and P2/N2-NPs (D) prepared by the nanoprecipitation method. 

Table 3 Parameters of prepared NPs, the case analysis. 

Parameter Description Calculation / Note  

X1 
Mass of NPs per ml  

(mg ml-1)  

From the gravimetric 

measurement  
1.9±0.2  

X2 
Mass of sulfonated nanofiber 

membrane (mg)  

From the gravimetric 

measurement  
127 

X3 Volume of the stock dispersion (ml)  -  60 

X4 Yield of NPs preparation  X4 = (X1 × X3)/X2  90 %  

X5 
Molar mass of the NPs  

(g mol-1)  
- 6.8×107  

X6 Avogadro’s number (mol-1)  -  6.022×1023  

X7 Average radius of NPs (cm)  From DLS and TEM measuring  See Table 4 

X8 Surface of 1 NP (cm2)  X8 = 4π(X7)2  1.5 – 1.6×10-10 

X9 Volume of 1 NP (cm3)  X9 = 4/3π(X7)3  1.6 – 2.0×10-16 

X10 
Number of NPs per ml (in the stock 

dispersion)  
X10 = (X1/(X5×1000))×X6  1.7×1013  

X11 

Theoretical effective volume 

reached by O2(1Δg) in 1 ml of the 

stock dispersion (ml)  

X11 = X10×4/3π(ref)3  

ref = X7 + lr  

Effective radius (ref) = average 

radius of NPs (X7) + effective 

range of O2(1Δg)  

(lr = 20.5×10-6 cm)  

0.99 

X12 Average IEC of NPs (mol ml-1)  

Determined by titration 

6.2×10-7 

X13 Average IEC of NPs (mol g-1) 1.8×10-4 

X14 
Estimated number of sulfo 

groups per NP 
X14 = (X12×X6)/X10 2.2×104 

X15 
Mass of NO-photodonor (N2) 

encapsulated in 1 NP (mg) 

From the gravimetric 

measurement/X10 
2.0×10-15 

X16 
Mass of photosensitizer bounded on 

a surface of 1 NP (mg) 

From the gravimetric 

measurement/X10 

(P1) 4.5×10-17 

(P2) 6.7×10-17 
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Table 4 Comparison of average diameter of NPs by two independent methods. 

                            Average diameter (nm) 

Sample Determined by TEM 
Determined by 

DLS 

Blank (Sulfonated PS) 35.5±13 (from 466 particles) 34.1±5 

N2-NPs 36.2±14 (from 415 particles) 36.4±6 

P1/N2-NPs 34.9±13 (from 376 particles) 35.2±6 

P2/N2-NPs 33.8±13 (from 441 particles) 34.2±5 

5. 1. 2. UV/vis absorption and emission spectra 

           In Figure 14 are shown the absorption spectra of N2-NPs, P1/N2-NPs, and P2/N2-NPs 

and the corresponding spectra of the respective photoactive compounds in solution. The 

absorption bands in the UV/vis spectrum of the N2 encapsulated in the N2-NPs dispersions 

appear at 343 and 470 nm, which correspond to the bands of free N2 (345 and 470 nm) in 

acetonitrile. The absorption spectrum matches quite well the sum of the two chromophoric units 

typical for the nitroaniline184 and 4-amino-7-nitrobenzofurazan,185 respectively. The Soret band 

of P1 attached on P1/N2-NPs (431 nm) is redshifted by 9 nm in comparison to free P1 in 

aqueous solution (422 nm) which can be attributed to the reduced polarity of the NPs relative 

to water, as a similar spectral shift was observed for P1 on the surface of nanofiber 

membranes.76 The characteristic Q-bands of P1 in the red region of P1/N2-NPs spectra are less 

visible due to the higher scattering effect in dispersions. In the UV/vis spectrum of the P2/N2-

NPs dispersion can be observed a clear overlap of the Soret band of P2 in the UV region and in 

the blue region of the visible spectrum with the band of N2. In the red region, Q-bands that 

correspond to the dimer (615 nm) and the prevailing monomer of P2 (681 nm) were observed. 

The monomeric form of P2 is generally predominant in solvents with low polarity (such as 

DMF). However, in polar solvents like water, the dimerization of P2 occurs even at very low 

concentration (10-6 M) causing a complete quenching of the excited states and hindering the 

photoactivity of phthalocyanines.76,186 The formation of P2 dimers was considerably reduced 

after binding to N2-NPs similarly to our previous study in which P2 photosensitizer was 

ionically attached to PS nanofiber membrane.76 
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Figure 14 A: Normalized UV/vis spectra of N2-NPs dispersion in water (a) and N2 in acetonitrile (b). B: 

P1/N2-NPs dispersion in water (a), N2 in acetonitrile (b), and P1 in water (c). C: P2/N2-NPs dispersion in water 

(a), N2 in acetonitrile (b), P2 in dimethylformamide (c), and P2 in water (d). 

              In addition to absorption spectra, the emission spectra of all compounds fit to the 

emission of NPs dispersions (Figure 15) additionally confirming the successful 

functionalization. N2 integrates a p-nitroaniline derivative as a suitable NO-photodonor and a 

4-amino-7-nitrobenzofurazan (ANBF) moiety, a well-known fluorophore emitting in the green 

region (λmax = 545 nm) joined together by an alkyl spacer. These two chromophores were 

deliberately chosen to conserve independent photobehaviour in the conjugate. Moreover, the 

fluorescence of N2 is very useful for its potential imaging in e. g. PDI. The fluorescence spectra 

of P1/N2-NPs show typical emission peaks of P1 at 650 and 750 nm that overlaps with the 

peaks of P1 aqueous solution. The fluorescence spectra of P2/N2-NPs also overlap with the 

spectra of P2 in water or DMF. Nevertheless, the small emission peak at 721 nm also suggests 

partial aggregation of P2 on the surface of NPs.186 

 

Figure 15 A: Normalized emission spectra of aqueous dispersion of N2-NPs (a) and acetonitrile solution of N2 

(b), B: Normalized emission spectra of aqueous dispersion of P1/N2-NPs (a), acetonitrile solution of N2 (b) and 

aqueous solution of P1 (c), C: Normalized emission spectra of aqueous dispersion of P2/N2-NPs (a), acetonitrile 

solution of N2 (b), aqueous solution of P2 (c) and dimethylformamide solution of P2 (d). 

            From the well-defined emission peaks of the photosensitizers can be assumed that the 

adsorption of tetracationic photosensitizers from aqueous solution begins with the multiple 

binding of photosensitizer molecule to few neighbouring sulfo groups. Thus, the porphyrin units 

are parallel or almost parallel to the surface of NPs. Higher loading would most likely lead to 
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the attachment of photosensitizer molecules by only one ionic bond and the porphyrin ring 

could incline or be perpendicular to the nanoparticle surface consequently resulting in the 

unresolved fluorescence bands which was observed in one of our previous studies.181 

Additionally to stability in aqueous suspension, the photostability of all prepared 

functionalized NPs was tested. After 3 hours of irradiating the samples with 500 W Xe-

lamp with a long pass filter (λ ≥ 400 nm), only small changes in the absorption spectra occurred 

(Figure 16). However, the efficiency of O2(
1Δg) and NO photorelease was affected only 

minimally as it is discussed in the following chapters in more detail. 

 

Figure 16 A Photostability test, UV/vis spectra of aqueous dispersions of N2-NPs before (a) and after (b) 3 

hours of irradiation by stabilized Xe-lamp (500 W, Newport) with a long pass filter (λ ≥ 400 nm). B: 

Photostability test with P1/N2-NPs. C: Photostability test with P2/N2-NPs. 

5. 1. 3. Photorelease of NO 

           All prepared NPs dispersions, N2-NPs, P1/N2-NPs, and P2/N2-NPs released NO into 

the surrounding water upon irradiation with visible light, confirmed by an amperometric 

method, which allows the direct detection and quantification of this radical species.187 All 

acquired data from the amperometric detection are summarized in Figure 17. As can be 

observed, the highest of NO photoproduction comes from N2-NPs. The slight decrease in NO 

release from the NPs with ionically attached photosensitizers can be attributed to the overlap of 

the absorption bands of N2 with bands of both photosensitizers which probably partially 

reduces the excitation of N2.  

Figure 17 also demonstrates that the amount of photoreleased NO depends on the 

temperature of the surrounding environment, as increasing the temperature increases the 

permeability/diffusion coefficient of NO in the PS matrix which is similar to O2(
1g) behaviour 

in PS matrices.180 The switch-on/switch-off cycling of the excitation beam demonstrates a stable 

and controllable NO release as well as the trigger character of the visible light.  
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Figure 17 A: The temperature effect on the amount of NO photoreleased from the dispersions of N2-NPs, B: 

P1/N2-NPs, and C: P2/N2-NPs (1.7×1013 NPs mL−1) at 10°C (a), 22°C (b), 32°C (c) and 45°C (d) detected by 

the amperometric method. The arrows indicate the switch-on and switch-off character of the NO release that was 

triggered by the irradiation (Xe-lamp (500 W, Newport) with a long-pass filter (λ ≥ 400 nm, Newport)). 

In addition to amperometric detection, two other chemical methods were employed to 

determine the propensity of the new materials to photorelease NO under physiological 

conditions (Figure 18).  

 

Figure 18 A: Fluorescence detection of NO from the N2-NPs dispersion (1.7×1013 NPs mL−1) via the DAN 

method. The fluorescence (λexc = 365 nm) of 1.5 mL of 0.31 mM DAN in 0.62 M HCl with the N2-NPs 

dispersion (1.5 mL) before and after 20 min of irradiation (indicated by an arrow) with visible light. B: The 

myoglobin test for detection of the NO released from P1/N2-NPs (1.7×1013 NPs mL−1) after 20 min of 

irradiation with visible light. A 3 mM solution of Mb(FeIII) in 0.02 M phosphate buffer, pH = 7.0 (a) and its 

reduced form, Mb(FeII) before (b) and after the binding of the released NO (c). C: Comparison of effectivity of 

NO production by DAN test from N2-NPs (1.7×1013 NPs mL−1) before and after the photostability test. 

The assay using 2,3-diaminonaphthalene (DAN) is one of the most sensitive and 

selective fluorescence-based methods for NO detection (see Experimental Section).177 A 

formation of highly fluorescent product 2,3-naphthotriazole (NAT) was observed after the 

irradiation of DAN in the presence of N2-NPs dispersion (Figure 18A). The irradiation of blank 

sulfonated NPs without N2 with DAN did not lead to a formation of any fluorescent product. 

Similar pattern of temperature dependency of NO production was found for both, P1/N2-NPs 

and P2/N2-NPs. Additionally, the DAN assay was employed to independently confirm the 

temperature dependent photorelease of NO for all three functionalized NPs demonstrated on 

N2-NPs in Figure 19. 
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Figure 19 Fluorescence detection by DAN test of NO photoreleased from the dispersion of N2-NPs at different 

temperatures: 10 oC (a), 22 oC (b), 37 oC (c) and 45 oC (d). The NO photorelease was triggered by the irradiation 

with Xe-lamp (500 W, Newport) with a long-pass filter (λ ≥ 400 nm, Newport). 

The NO photorelease from the dispersions of N2-NPs, P1/N2-NPs and P2/N2-NPs was 

also monitored by the well-known myoglobin (Mb) assay (see Experimental Section).178 The 

binding of NO to reduced form of Mb causes shift in the absorption maximum of Mb from 432 

nm to 420 nm. As an example can serve the blue shift of the Soret band of Fe(II)Mb when 

irradiated in a mixture with P1/N2-NPs which confirmed the binding of NO to the Fe(II) of the 

haem group in Mb (Figure 18B). The same behaviour was observed for the other NPs 

dispersions as well. For control, the irradiation of the blank sulfonated PS NPs dispersion with 

the reduced Mb did not show the characteristic blue-shift of the Soret band to 420 nm. 

The photorelease of NO was subsequently tested after the photostability test (Figure 

18C). Due to partial exhaustion of the photodonor molecule after 3 hours long irradiation of the 

nanoparticle suspension, the release of NO was slightly lower, however still functioning as an 

efficient NO-photodonor. 

Additionally, all samples were tested whether the photoproduction of NO also occurs 

by thermal trigger because some NO-donors produce NO at elevated temperatures, i. e. 

nitrosothiols. In our case, heating the NPs samples did not lead to any production of NO which 

was confirmed by both chemical methods and the amperometry as well. 

5. 1. 4. Photorelease of O2(1g) 

It is known that both porphyrins and phthalocyanines are efficient photosensitizers that 

produce O2(
1g) by energy transfer from their triplet states to the molecular oxygen (O2(

3∑g
-)) 

even when the photosensitizer is encapsulated in polymer matrices with high oxygen 

permeability.76 In this study we found that, both NPs aqueous dispersions with ionically bonded 

photosensitizers, P1/N2-NPs and P2/N2-NPs, also exhibited photogeneration of O2(
1g) 
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documented by strong phosphorescence of O2(
1g) at approximately 1270 nm (Figure 20A b, 

c).  

The kinetic profiles of O2(
1g) phosphorescence produced by P1/N2-NPs in water 

shows a similar kinetics compared to free P1 dissolved in water. (Figure 20B) which indicates 

that O2(
1g) is mainly released into the water environment, thus the kinetics is controlled by the 

solvent. The lifetime of O2(
1g) in water is ~3.5 μs188 and is only slightly dependent on the 

temperature (less than 10 % between 5 and 50 °C). As can be seen, the kinetics of the O2(
1g) 

photoreleased from P1/N2-NPs (Figure 20B, e) were slightly slower than the kinetics of the 

O2(
1g) photogenerated directly in solvent, indicating that a small portion of O2(

1g) diffuses 

on the surface or inside NPs. In general, the lifetime of O2(
1g) in PS NPs is a few times higher 

than its lifetime in water.163 

 

Figure 20 A: Phosphorescence intensity of O2(1Δg) after excitation of N2-NPs (a), P1/N2-NPs (b), and P2/N2-

NPs (c) dispersed in water. B: Comparison of the normalized phosphorescence kinetics of O2(1Δg) after 

excitation of P1/N2-NPs (d) and P1 dissolved in water (e). λexc = 355 nm, data are offset. 

One of our previous studies focused on the effect of temperature on the O2(
1g) 

photogeneration and consequent antibacterial activity of similar systems (PS nanofibers189 and 

NPs163 doped with porphyrin photosensitizers). The results showed that an increase in 

temperature led to an increase in diffusion of the O2(
1g) and oxygen in the ground state toward 

quenchers (quenching groups, porphyrin triplets) which led to corresponding shortening its 

lifetime but did not significantly influence the yield of O2(
1g) formation. Nanomaterials with 

externally bounded porphyrin photosensitizer have a considerably weaker temperature 

dependence for O2(
1g) lifetimes than polymeric nanomaterials with encapsulated 

photosensitizers. The diffusion of O2(
1g) toward bacteria controls the antibacterial properties 

of PS nanomaterials with encapsulated photosensitizers which considerably increased with the 

temperature.189 

Surprisingly, N2-NPs with only a NO-photodonor dispersed in water produced O2(
1g) 

as well with a similar efficiency to P1/N2-NPs and P2/N2-NPs. but solely upon excitation with 
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UV light (355 nm, Figure 20, a). Further investigation showed that N2 itself dissolved in 

various solvents like acetonitrile, ethanol and cyclohexane produced O2(
1Δg) with a relatively 

high quantum yields of formation, ΦΔ, and lifetimes, τΔ, corresponding to literature values 

published for these solvents (Figure 21).13,188  

 
Figure 21 A: UV/vis absorption spectra of N2 dissolved in acetonitrile (a), ethanol (b) and cyclohexane (c) and 

B: The corresponding luminescence of O2(1Δg) after excitation by Nd YAG laser (355 nm). Red lines are single 

exponential fits into experimental data, calculated lifetimes of O2(1Δg) τΔ ~67 μs for acetonitrile, τΔ ~14 μs for 
ethanol, and τΔ ~22 μs for cyclohexane correspond with values published in literature.13 

The quantum yield of O2(
1Δg) generation of ΦΔ = 0.56 was calculated by comparing the 

amplitudes of O2(
1Δg) phosphorescence with that of a standard diphenylanthracene 

photosensitizer (ΦΔ = 0.69 in oxygen-saturated acetonitrile)190 (Figure 22). However, this value 

is only a rough estimation due to release of NO corresponding to significant changes in the 

UV/vis spectra during irradiation (Figure 22C). 

 

Figure 22 A: Estimation of the quantum yield of O2(1Δg), ΦΔ, in oxygen-saturated acetonitrile: UV/vis spectra of 

N2 (a) and anthracene (b) in acetonitrile. B: The corresponding luminescence of O2(1Δg). ΦΔ ~0.56 for N2 was 

calculated by comparison with anthracene standard (ΦΔ= 0.69). 13 C: Note that N2 decomposes upon irradiation. 

The comparison of UV/vis spectra of N2 in acetonitrile before measurements of O2(1Δg) (a) and after 30000 laser 

shots of Nd YAG laser (b). 

The N2 molecule consists of a p-nitroaniline derivative as a well-known and suitable 

NO-photodonor moiety and a green-emitting 4-amino-7-nitrobenzofurazan (ANBF).191 The 

derivatives of both p-nitroaniline and ANBF have been abundantly studied.191 Nevertheless, the 

detailed information regarding their triplet states are scarce, and formation of O2(
1Δg) from the 

triplet states has not yet been evaluated but the intersystem crossing and formation of the triplet 
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states of ANBF derivatives in a nonpolar solvent was reported.192 The phosphorescence 

measurements performed in our study clearly show that p-nitroaniline can function as an 

efficient photosensitizer of O2(
1Δg) upon irradiation with UV light.  

As the near-infrared luminescence observed for all NPs aqueous dispersion revealed the 

efficient generation of O2(
1Δg), a well-known specific acceptor of O2(

1g),
 uric acid (UA),179 

was used to demonstrate the ability of all the functionalized photoactive NPs to photooxidize 

external substrates in aqueous media. An intense photooxidation of UA by P1/N2-NPs and 

P2/N2-NPs was observed. When the NPs dispersions were mixed with UA and subsequently 

irradiated with visible light from a Xe-lamp, strong photooxidation of UA, proofed by a 

decrease in the absorbance at 291 nm (Figure 23A, B) was detected. In contrast, the 

photooxidation of UA in the dark or in the presence of 0.01 M NaN3, a known physical quencher 

of O2(
1g), was strongly inhibited. 

 
Figure 23 A: Decrease in the UA absorbance at 291 nm with irradiation time (Xe-lamp (500 W, Newport) with 

a long-pass filter (λ ≥ 400 nm, Newport)) for the dispersions of P1/N2-NPs (1.7×1013 NPs mL−1) without (a) and 

with 0.01 M NaN3 quencher (b) or in solutions saturated with N2 (c) or stored in the dark (d). B: The same test 

performed on P2/N2-NPs (1.7×1013 NPs mL−1). C: Decrease in the UA absorbance at 291 nm with irradiation 

time (Xe-lamp (500 W, Newport) with a long-pass filter (λ ≥ 400 nm, Newport)) for the dispersion of P1/N2-

NPs (1.7×1013 NPs mL−1) before (a) and after (b) the photostability test. 

The same irradiation of N2-NPs with a visible light did not lead to the formation of 

O2(
1g) due to the small absorption of N2 in the visible part of its spectrum (Figure 14). The 

excitation with visible light mainly lead to the emission of green fluorescence. N2 requires UV 

light for a sufficient O2(
1g) photogeneration. However, when using a very strong light source, 

a 200 mW blue laser (λ = 402 nm), it induced the photooxidation of UA by O2(
1g) (Figure 

24A). Nevertheless, the effectivity of the photooxidation was still roughly 3× lower than in a 

case of P1/N2-NPs.  
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Figure 24 A: Decreases in the UA absorbance at 291 nm with irradiation time (200 mW laser, λ = 402 nm) for 

the dispersions of N2-NPs were investigated without (a) and with 0.01 M NaN3 quencher (b) or in solutions 

saturated with N2 (c) or stored in the dark (d). B: Comparison of photooxidation activity of P1/N2-NPs (a), 

P2/N2-NPs (b) and N2-NPs (c) when excited with 200 mW laser (λ = 402 nm). 

The photooxidation of UA while using a blue laser as a light source was also tested for 

the NPs functionalized with photosensitizers (Figure 24B). The behaviour of P2/N2-NPs in 

terms of the photooxidation of UA clearly corresponds to the absorption spectra. The absorption 

of N2 at 402 nm in P2/N2-NPs is shielded by the absorption of P2 (Figure 14C). Thus, the 

majority of O2(
1g) was formed by the excitation of N2 and subsequent energy transfer to the 

oxygen molecule. In contrast, excitation of P1 at 402 nm lies at the edge of its Soret band 

(Figure 14B) and in P1/N2-NPs was dominant over the absorption of N2. Consequently, the 

photoinduced processes after excitation of P1 were responsible for the ca threefold increase in 

formation of O2(
1g) compared to N2-NPs and P2/N2-NPs (Figure 24B). The photostability 

test had no effect on the photoproduction of O2(
1g) as the effectivity of UA photooxidation 

remained on the same level (Figure 23C). 

5. 1. 5. Antibacterial activity 

In our previous papers, it has been proven that the nanofiber membranes enriched with 

either encapsulated or ionically attached porphyrinoid photosensitizers readily release 

antimicrobial O2(
1Δg) and exhibit strong antibacterial properties against both, Gram-positive 

and Gram-negative bacterial strains, together with strong antiviral properties which are highly 

useful in PDI or PACT.58,74,75,77,145,146,147 Recently, the role of covalently bonded NO-

photodonor and its antibacterial properties on the surface of PS nanofiber membrane was also 

evaluated.76 Therefore, similar antibacterial properties were anticipated for N2-NPs, P1/N2-

NPs and P2/N2-NPs.  

To confirm the antibacterial action, the NPs (1.7×1013 mL-1) were mixed 1:1 with 

suspensions of E. coli (5000× diluted from inoculum) and irradiated with visible light or kept 
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in the dark. Subsequently, 150 µL aliquot of a bacterial suspension was placed on a sterile agar 

plate and incubated overnight at 37 °C.  

In general, the Gram-negative bacterial strains such as E. coli are less susceptible to any 

attempts to inhibit their growth because of the double-layered cell wall compared to single-

layer cell wall of Gram-positive bacteria.66 It contains peptidoglycan with an additional outer 

membrane composed by phospholipids and lipopolysaccharides. This membrane barrier more 

efficiently prevents uptake of bactericidal species. Figure 25A demonstrates strong bacterial 

growth inhibition of the E. coli after only 10 minutes of irradiation with visible light in the 

presence of all prepared nanoparticle suspensions; N2-NPs, P1/N2-NPs and P2/N2-NPs. 

 

Figure 25 A: Photoinduced antibacterial activity of the N2-NPs, P1/N2-NPs and P2/N2-NPs dispersions 

(1.7×1013 NPs) compared with the same amount of sulfonated PS NPs (blank) that were mixed 1:1 with a 

dispersion of E. coli. The results show the estimated average ratio of the colony forming units (CFUs) observed 

on the sterile agar plates for the irradiated (Xe-lamp (500 W, Newport) with a long-pass filter (λ ≥ 400 nm, 

Newport)) and non-irradiated samples from 3 independent tests at 22 °C. B: Antibacterial activity of N2-NPs 

(1.7×1013 NPs) at different temperatures after 10 min of irradiation (Xe-lamp (500 W, Newport) with a long-pass 

filter (λ ≥ 400 nm, Newport)). 

As can be seen, N2-NPs, i. e., NPs releasing solely NO, display most efficient 

antibacterial effect. An important fact to keep in mind is that when using the Xe-lamp as an 

irradiation source of visible, only a negligible amount of O2(
1Δg) was released from N2-NPs. 

As expected, strong antibacterial effect was observed for P1/N2-NPs and P2/N2-NPs as well. 

The slight reduction in the antibacterial effect can be attributed to the shielding effect of P1 or 

P2, i. e., overlapping the visible light absorption (Figure 14), which decreased the amount of 

photoreleased NO. This fact agrees again with our previous observations in the study with PS 

nanofiber membranes combining the photoproduction of NO and O2(
1Δg). The samples of N2-

NPs, P1/N2-NPs and P2/N2-NPs that were kept in the dark exhibited no bacterial inhibition, 

similar to blank (sulfonated NPs) without any photoactive compounds. Minor antibacterial 

effects can be attributed to the visible light itself.  

As it was shown in Figure 17, the amount of photoreleased NO increases at higher 

temperatures. Thus, an enhanced antibacterial action against E. Coli was expected when the 

temperature is higher. Indeed, the stronger antibacterial effect of the NPs at higher temperatures 
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is demonstrated in Figure 25B for N2-NPs, where the dominant antibacterial species released 

from the NPs was NO. 

To confirm that NO can solely inhibit the bacteria growth, the antibacterial test under 

hypoxic (anaerobic) conditions were performed. Thus, the cytotoxic effect of O2(
1g) should 

not play any role. The result is depicted in Figure 26. The intestinal lumen has relatively 

anaerobic environment and is densely occupied with E. coli. Thus, E. coli is an ideal candidate 

on which the antibacterial test at low oxygen concentration can be performed. In this test the 

bacterial suspension of E. coli with and without N2-NPs were shortly bubbled by nitrogen gas 

prior to irradiation to obtain almost hypoxic condition. The concentration of dissolved oxygen 

dropped by ca 90% from 8.27 mg L-1 (air saturated dispersion at atmospheric pressure 101 kPa) 

to 0.8 mg L-1 at ambient temperature (22oC). The oxygen levels were measured by InPro 6880i 

Oxygen Sensor (see Experimental section). As evident, 10 min of irradiation in the presence of 

N2-NPs is sufficient for almost total inactivation of bacteria in contrast to controls without N2-

NPs or light.  

A B 

 
Figure 26 A: Photoinduced antibacterial activity of the N2-NPs dispersions (1.7×1013 NPs) compared with the 

same amount of sulfonated PS NPs (blank) that were mixed 1:1 with a dispersion of E. coli under hypoxic 

condition. Estimated average ratio of CFUs observed on the sterile agar plates for the irradiated (Xe-lamp (500 

W, Newport) with a long-pass filter (λ ≥ 400 nm, Newport)) and non-irradiated samples under low concentration 

of dissolved oxygen (0.8 mg L-1 at 22 °C) from 3 independent tests. B: Photographs documenting the 

antibacterial activity of N2-NPs under hypoxic conditions. 
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In this context, the prepared photoactive NPs dispersions show a high potential for 

various medical applications, due to their bimodal antibacterial action. The photoreleased NO 

is especially important at the beginning of the theoretical treatment where the sterile 

environment should be quickly introduced and is subsequently maintained over longer periods 

of time by the photoproduction of O2(
1g). Moreover, after the antimicrobial action, NPs can 

be easily removed from aqueous media by filtering them through the polyurethane nanofiber 

membranes.74 
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5. 2. MULTIFUNCTIONAL POLYSTYRENE NANOFIBER MEMBRANE WITH 

BOUNDED POLYETHYLENEIMINE AND NO-PHOTODONOR: DARK AND 

LIGHT INDUCED ANTIBACTERIAL EFFECT AND ENHANCED CO2 

ADSORPTION2 

The functionalized NPs offer the possibility of sterilization of large volumes. However, 

our interest also focuses on nanomaterials that may find an application as e. g. chronic wound 

dressings as was demonstrated in several of our previous studies37,58,74 and our goal was to 

investigate different ways of functionalization of nanofiber membranes.  

5. 2. 1. Preparation and characterization of the nanofiber membranes 

The preparation of the individual nanofiber membrane with the chemical structures of 

employed molecules is depicted in Figure 27. Polyethyleneimine (PEI) was chosen because of 

its well-known antibacterial and antibiofilm properties to provide surface sterilization, while 

the NO-photodonor (N1) should sterilize the near surroundings of nanofibers by the 

photoproduction of NO triggered by visible light excitation. Moreover, N1 is readily soluble in 

organic solvents such as dichloromethane and chloroform. Similarly to N2, the quantum yield 

of photoreleased NO from N1 is below 0.179 which may seem low, nevertheless for NO-

photodonors, low quantum yields are actually an advantage as it was discussed in previous 

chapter. 

The pristine electrospun PS nanofiber membranes (ca 60 cm2) were fixed on quartz 

substrates and immersed in chlorosulfonic acid for 5 minutes at ambient temperature. Then, the 

sulfonated membranes were carefully transferred to a beaker containing dichloromethane 

(alternatively it is also possible to use chloroform) and were washed several times. After that, 

the membranes were immersed in a solution of PEI (10 mg mL-1) or a mixture of N1 and PEI 

(PEI 10 mg mL-1; N1 3 mM) in DCM for 6 h. The membranes were subsequently transferred 

to deionized water to wash off the excess of unreacted compounds, especially PEI shown a 

tendency to form a thick film over the PS membrane. Finally, the functionalized membranes 

were placed in 0.02 M phosphate buffer (pH = 7.0) and stored in the dark. 
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Figure 27 Schematic diagram of the preparation protocol for the photoactive nanofiber membranes with the 

chemical structures of employed bactericidal agents: Polyethyleneimine (PEI) and N-(3-aminopropyl)-3-

(trifluoromethyl)-4-nitrobenzenamine NO-photodonor (N1). The hydrophobic/hydrophilic character of the 

membranes is illustrated by the blue water droplet. 

The chlorosulfonation of PS causes intense cross-linking that consequently leads to 

insolubility of the resulting materials in majority of solvents. However, the nanofiber nature of 

the membranes was maintained, even after the surface derivatization, although the 

chlorosulfonation of the PS nanofibers followed by the covalent attachment of N1 and PEI 

slightly increased the average diameter of the PS nanofibers (Figure 28). The original PS 

membrane had an average diameter of the fibres ~250 nm while the functionalized membranes 

displayed average diameter of around 300 nm. The preserved nanofiber character is an 

important feature for retaining bacteria and other pathogens on the surface of the material, 

especially for the application as wound dressings. 

In general, the pristine PS nanofiber membrane is a highly hydrophobic material. 

However, both functionalized membranes with covalently linked PEI (PSPEI) and that with 

covalently linked PEI and N1 (PSPEI/N1), are highly hydrophilic (Figure 28) which was 

proven by the apparent contact angle (ACA) measurement which a technique commonly used 

for differentiation between hydrophobic and hydrophilic nature of nanofiber samples providing 

qualitative information when comparing samples of similar structures.193 PS nanofiber 

membrane exhibited hydrophobic properties with an apparent contact angle (ACA) of 

approximately 130 ± 4°. The pristine electrospun PS nanofiber membrane was washed well 

before the measuring with deionized water to remove any trace of TEAB additive, which 

otherwise influences the measurement. Still, the observed ACA for the original PS nanofiber 

membrane was smaller than that reported in the literature (155 ± 3°),193 most likely because of 
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the greater roughness of the surface. All surface modifications changed the hydrophobic nature 

of PS surface into highly hydrophilic with ACAs below 5° (illustrated by the blue water droplet 

in Figure 27). High wettability is an important property because for surface-contact killing by 

polycations (such as PEI), enhanced surface wettability is beneficial for improving antibacterial 

activity. The increased wettability of the nanofiber membranes also enables the efficient surface 

reaction of short-lived species, such as NO, with a substrate/biological target in an aqueous 

environment similarly to O2(
1Δg).

74,76 

 

Figure 28 SEM images of the pristine PS (A), PSPEI (B) and PSPEI/N1 (C) functionalized PS nanofiber 

membranes with corresponding nanofiber diameter statistics and the apparent contact angle (ACA) 

measurements. 

An important feature of the studied materials is their high ion-exchange capacity (IEC). 

The chlorosulfonated/hydrolysed PS nanofiber membrane without any bonded molecule has an 

IEC of 2.7 mmol g−1, which is in a good agreement with our previous study, which used a 

similar material.76 The IEC depends on the chlorosulfonation time with an ideal period between 

5 and 10 minutes of reaction between PS and chlorosulfonic acid. Longer chlorosulfonation 

times leads to formation of sulfone bridges and other cross-links into the fibres and decreased 

the IEC.181 The IEC of the functionalized materials was substantially suppressed after the 

attachment of both, PEI and N1, to 1.3 mmol g−1 and 0.5 mmol g−1 for PSPEI and PSPEI/N1, 

respectively. Because PEI contains many amino groups that can react with SO2Cl groups after 

chlorosulfonation, additional gravimetric analysis was performed to estimate the amount of 

bonded PEI. It was calculated that the PSPEI sample contains 1.37 mg cm-2 of PEI. The 

PSPEI/N1 sample contains 1.22 mg cm-2 of PEI and 0.12 mg cm-2 of bonded N1. 
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As anticipated, the surface of prepared nanofiber membranes shows signs of having 

both, positive and negative, charges. The negative charge is present due to the remaining 

unreacted sulfo groups (SO3
-) while the positive charge is caused by the covalent attachment of 

polycationic PEI. To confirm this assumption, the membranes were immersed in aqueous 

solutions of photosensitizers; tetraanionic 5,10,15,20-tetrakis(4-sulfonatophenyl)porphin and 

tetracationic 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin tetra-p-toluensulfonate. 

Both functionalized membranes readily adsorbed both types of photosensitizers on their 

surfaces. However, it was observed that both membranes show higher tendency to bind 

tetracationic photosensitizer, suggesting that the number of sulfo groups exceeds the positive 

charges coming from PEI. It might follow that the features of ionically attached photosensitizers 

were not employed to further increase the antibacterial activity of the prepared membranes. The 

ionic attachment of porphyrins distorts the antibacterial properties of PEI because of the binding 

to active sites of PEI that are the key to its antibacterial action. Thus, this experiment only 

served to display the dual charge on the nanofiber membranes. 

5. 2. 2. UV/vis absorption spectra  

The successful binding of NO-photodonor (N1) can be first seen as the colour of 

functionalized membrane is brightly yellow in contrast to the colourless pristine or sulfonated 

PS. The diffuse reflectance spectrum of the dried PSPEI/N1 sample and the corresponding 

spectrum of the aqueous solution of N1 are shown in Figure 29A. As can be observed, both 

spectra fit each other well. The absorption maximum of N1 in water appears at 399 nm with no 

change after the attachment to PS nanofibers, which is interesting. This band is particularly 

sensitive to the solvent polarity. In our previous study76 the absorption band of N1 covalently 

bonded to PS was blue-shifted to 387 nm, which can be attributed to the reduced polarity of the 

nanofiber membrane with respect to water. The presence of polycationic PEI probably 

somehow balances the polarity of the nanofiber surface with no consequent hypsochromic shift. 
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Figure 29 A: Normalized diffuse reflectance spectra of dry samples of PSPEI/N1 membrane (a) compared with 

the absorption spectra of the aqueous solution of N1 (b). B: Photographs of PSPEI and PSPEI/N1 nanofiber 

membranes before and after the ninhydrin assay. 

The measurement of absorption spectra cannot be used for the confirmation of the 

successful functionalization with PEI which is a colourless liquid with no absorption in the 

visible region. To confirm its presence on the nanofibers, a ninhydrin assay was performed. 

Ninhydrin assay is a well-known and standard method for the detection of primary and 

secondary amines.194 Indeed, spraying the ethanolic solution of ninhydrin onto both samples 

revealed the presence of PEI. After drying the membranes, the appearance of the characteristic 

Ruhemann's purple (Figure 29B) confirmed the successful binding of PEI. 

5. 2. 3. FTIR spectra 

To additionally confirm the functionalization of nanofiber membranes, PSPEI and 

PSPEI/N1 were analysed using FTIR (Figure 30). The acquired spectra were compared with 

the FTIR spectra of pristine and sulfonated PS nanofiber membranes and the FTIR spectra of 

PEI and N1. The pristine PS electrospun membrane exhibits three absorption bands of C=C 

aromatic stretching at 1600, 1492 and 1451 cm−1 together with a 1028 cm−1 band corresponding 

to the C−H in-plane bending. The sulfonation leads to an appearance of new bands at 1036 cm−1 

which can be signed to the symmetric SO2 stretching vibrations together with a doublet at 1210 

and 1160 cm−1 of the asymmetric ones. Moreover, the successful sulfonation is also confirmed 

by the bands at 1127 and 1006 cm−1 that belong to the in-plane bending of the p-substituted 

phenyl ring.195 The covalent attachment of both amines, PEI and N1, was confirmed by their N-

H bending vibration band at 1590 cm-1. The strongest evidence for the presence of PEI on both 

nanofiber membranes is the wide and intense N-H stretching vibration band in the region 

between 2800 and 3700 cm-1. Furthermore, the covalent binding of N1 was confirmed by the 

NO2 stretching vibration band at 1372 cm-1 similarly to our previous study.76 
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Figure 30 FTIR spectra of the individual nanofiber membranes. 

5. 2. 4. Photorelease of NO 

The production of NO from the surface of PSPEI/N1 membrane upon the irradiation 

with visible light was confirmed by three independent methods. For the direct detection of NO 

photorelease, the amperometric method was employed.187 The resulting curve is shown in 

Figure 31A. The PSPEI/N1 membrane was first immersed in deionized water and then 

irradiated. The biggest advantage of this method lies in the easy quantification of NO levels 

which were in ca hundreds of nanomoles on the timescale of minutes. These results agree with 

our previous findings, the PS nanofiber membrane with covalently attached N1 and ionically 

bounded photosensitizers also displayed such levels of NO production.76 An important feature 

of NO releasing materials is that the release process is strictly dependent on the external light 

excitation, as confirmed by the NO photodelivery that promptly stops when the source of light 

is turned off and restarts as the illumination is turned on again. 

The amphiphilic NO-photodonors should not release NO upon thermal decomposition, 

but this feature is typical for e. g. S-nitrosothiols. To test the thermal stability of N1, the 

PSPEI/N1 sample was heated in the dark up to 45°C but no release of NO was observed. 

As it was mentioned in the Chapter 2. 3. 1., the secondary amino groups of PEI can 

interact with NO to form diazeniumdiolate ([N(O)NO]-) and subsequently release NO by 

thermal decomposition.122 However, the reaction should not take a place under normal 

conditions (ambient temperature and atmospheric pressure). It requires several days exposure 

of PEI to NO gas in high-pressure reactor (550 kPa).123 Thus, PEI should not interfere in the 

photorelease of NO nor to affect the amount of NO photoreleased from the nanofiber 
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membrane. The same goes for its consequent antibacterial action at normal physiological 

conditions.  

 

Figure 31 A: Amperometric detection of the NO photoreleased from the surface of PEI/N1 (a) membrane and 

the control measurement without irradiation (b). The arrows indicate the switch-on and switch-off character of 

the NO release that was triggered by the irradiation (Xe-lamp (500 W, Newport) with a long-pass filter (λ ≥ 400 
nm, Newport)). The scheme illustrates the mechanism of NO photorelease from N1. B: Myoglobin test for 

detection of the NO released from the surface of PEI/N1 membrane after 10 min of irradiation by visible light. 

Mb(FeIII) (3 mM in 0.02 M PBS, pH 7.0), a; its reduced form Mb(FeII) before (b) and after (c) binding of the 

released NO. C: Fluorescence detection of the photorelease of NO from the surface of PEI/N1 membrane via the 

DAN method. The fluorescence (λexc = 365 nm) of 3.5 mL of 0.31 mM DAN in 0.62 M HCl with the nanofiber 

membrane (4 cm2) before (a) and after (b) 15 min of irradiation (indicated by blue arrow) with visible light. 

Two chemical methods of NO detection were used to independently confirm its 

photorelease from the surface of PSPEI/N1. In the myoglobin (Mb) test was observed the 

characteristic blue shift of its Soret band from 432 nm to 420 nm after the formation of NO 

adduct by binding NO to the metal centre (Figure 31B) while no shift was observed when the 

sample was kept in the dark or after irradiating the sulfonated PS (blank sample) without N1. 

Mb test serves as a very fast method of NO detection. However, the fluorescent assays such as 

DAN method are substantially more sensitive and specific. The interaction of NO (produced 

after 15 minutes irradiation of PSPEI/N1) with 2,3-diaminonaphthalene (DAN) in acidic 

conditions on air leads to a formation of highly fluorescent product 2,3-naphthotriazol (NAT) 

as can be seen in Figure 31C. The irradiation of DAN in a mixture with blank samples did not 

lead to any increase in fluorescence emission similarly to the functionalized membranes that 

were kept in the dark. 

5. 2. 5. CO2 adsorption/desorption 

Alongside with the antibacterial and antibiofilm properties,109,110 PEI itself is often used 

for its ability to readily capture CO2. For example, it was employed for the CO2 removal in 

space craft applications.196,197 Thus, due to its confirmed presence on our nanofiber membranes, 

both types of functionalized membranes (PSPEI and PSPEI/N1) and the parent pristine PS 

nanofiber membrane were tested for the CO2 adsorption at two different temperatures: ambient 
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temperature (22°C) and skin temperature (32°C). In all cases, CO2 was reversibly adsorbed on 

the membranes. As anticipated, the covalently attached PEI significantly increased the 

adsorption capacity for CO2 on the surface of both functionalized membranes (Figure 32A, B). 

The absorbed volume of CO2 was higher for PSPEI, which corresponds to its higher PEI 

content shown in the gravimetric measurements (for details see Chapter 5. 2. 1.). The 

desorption curve of the measurement was almost perfectly copying the adsorption, confirming 

the reversibility of the CO2 adsorption. The adsorption capacity ranging between 6-8 mL g-1 is 

quite low compared to e. g. PEI-impregnated resins (> 60 mL g-1).198 However, it must be taken 

into account that many active sites for CO2 adsorption were used for covalent attachment of 

PEI to chlorosulfonated PS nanofibers.  

Interestingly, the retention of CO2 was found to enhance blood microcirculation in 

wounds and the rise of oxygenation level within the tissues.121 Thus, in theory, the presence of 

CO2 adsorbed on PSPEI and PSPEI/N1 and its subsequent release might promote the wound 

healing, especially in combination with the vasodilation properties of NO. 

The adsorption isotherms of N2 measured at the boiling point of nitrogen (Figure 32C) 

revealed that all three membranes, sulfonated PS; PSPEI and PSPEI/N1, possess similar 

adsorption behaviours for nitrogen, with an estimated surface area between 2 and 3 m2g-1. This 

proves that the introduction of PEI selectively increased the sorption capacity for CO2 with no 

effect on the total surface area.  

 

Figure 32 A: Adsorption isotherm of CO2 at 25°C on sulfonated PS (a), PSPEI (c) and PSPEI/N1 (b) nanofiber 

membranes. The adsorption (full circles) and desorption (empty circles) processes are fully reversible. B: 

Adsorption isotherm of CO2 at 32°C on the same set of samples. C: Adsorption isotherm of N2 at 77 K on 

sulfonated PS (black), PSPEI (red) and PSPEI/N1 (blue) nanofiber membranes. Adsorption (full circles) and 

desorption (empty circles) processes are fully reversible. 
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The photoproduction of NO was not affected even after the adsorption of CO2 which 

was validated by the direct amperometric measurement of NO levels. The samples of 

PSPEI/N1 were either kept in vacuum or under the constant flow of CO2 for 24 hours. Figure 

33 shows that the pattern of NO photorelease did not change since the curve of the NO 

concentrations is almost identical proving that adsorbed CO2 has no effect on the NO release 

from the covalently attached N1. 

 

Figure 33 Amperometric detection of the NO photoreleased from the surface of PSPEI/N1 membrane exposed 

overnight to vacuum (a) or to flow of CO2 (b). The red and green lines indicate the switch-on and switch-off 

character of the NO release that was triggered by the irradiation (Xe-lamp (500 W, Newport) with a long-pass 

filter (λ ≥ 400 nm, Newport)). 

5. 2. 6. Antibacterial activity and bacteria adherence 

As summarized in previous chapters, our group has a long experience with the bacterial 

inhibition in the presence of various types of nanomaterials internally or externally modified 

with photoactive compounds that produce highly reactive antibacterial species under exclusive 

control of visible light.58,74,75,76,77 The polyurethane and PS nanofiber membranes possess the 

additional feature to remove bacteria such as E. coli from aqueous media by detaining them on 

the membrane surface.74,77 

Figure 35A demonstrates that both types of functionalized nanofiber membranes, 

PSPEI and PSPEI/N1, are able to efficiently filter out most of the E. coli (ca 98%) from 

aqueous media. Only a few CFU were found in the filtrate, serving as an inoculum (see 

Experimental Section). Although, it must be taken into account that the number of CFU (Table 

5) in the filtrate (118±45 for PSPEI and 138±51 for PSPEI/N1) was probably partly influenced 

by the cytotoxic character of PEI itself. However, the contact between the functionalized 

membranes and the bacteria suspension during the process of filtration was short (ca 1 minute) 

compared to those of the longer surface-focused antibacterial tests. 
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Table 5 The average number of CFU (from 3 independent experiments) found on agar plates after filtration of the 

bacteria suspension through PSPEI and PSPEI/N1 materials incubated overnight.  

 

Table 6 The average number of CFU (from 3 independent experiments) found on agar plates after inoculation 

from the surface of PSPEI/N1 and after 0-10 min of irradiation and incubation overnight. Irradiation was 

performed by 500W Xe-lamp with long-pass filter (λ ≥ 400 nm).  

 

PEI was chosen for the functionalization of PS nanofiber membranes due to its property 

to sterilize the surface of nanofibers without the necessity of using light stimuli in contrast to 

N1 which should provide the spatial antibacterial activity (ca hundreds of micrometres)79 upon 

visible light irradiation. The pristine PS exhibits highly hydrophobic surface while the surface 

of all the functionalized materials is highly hydrophilic as documented by measuring ACA 

(Figure 28). The increase in surface wettability brings one disadvantage which is an increase 

of the bacteria adherence on the surface of the nanofiber membranes. This disadvantage was 

overcome by the covalent binding of PEI and the overall antibacterial character of PSPEI and 

PSPEI/N1 because the high bacteria adherence is attributed mainly to living bacteria. In 

general, the bacterial adhesion and consequent biofilm formation negatively effects the function 

of the antimicrobial materials or medical devices.110 

For the assessment of the bacteria adherence on the surfaces of PSPEI and PSPEI/N1, 

a simple and highly effective method of the crystal violet (CV) staining was employed. CV 

detects the adherence of living bacteria by binding to proteins and DNA. The principle of this 

method is based on the fact that bacteria that undergo cell death significantly lose their 

adherence ability and are subsequently lost from the population of bacteria, thus reducing the 

amount of CV staining the bacteria on the surface.199 The acquired data approximate the overall 
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bacteria adherence but also indicate the surface antibacterial character of the membranes 

(Figure 34).  

 

Figure 34 Absorption spectra of crystal violet (CV) staining solution (a) and the diffuse reflectance spectra of 

pristine PS membrane (b) sulfonated PS (c), PSPEI (d) and PSPEI/N1 (e) stained with CV after incubation in 

the suspension of E. coli.  

The samples of nanofiber membranes (pristine PS membrane as a blank; sulfonated PS, 

PSPEI and PSPEI/N1) were incubated in a suspension of E. coli in PBS for 4 hours at 37°C. 

Then, the samples were taken out of the suspension, washed and stained by CV (see details in 

the Experimental section). The pristine PS membrane shows lower tendency to adhere bacteria 

by ca 85% compared to the sulfonated PS where a massive CV bacteria staining was observed 

due to its hydrophilic character. The anti-adhesive properties were restored by the covalent 

attachment of PEI. The PSPEI and PSPEI/N1 materials show between 75 and 80% decrease 

in bacteria adherence compared to the sulfonated PS. 

To proof directly the surface antibacterial activity, following experiment was 

performed. The samples of blank (sulfonated PS), PSPEI and PSPEI/N1 membranes were 

inoculated with a bacterial suspension of Gram-negative E. coli DH5α on sterile agar plates and 

subsequently incubated overnight in the dark at 37°C. Afterwards, all tested membranes were 

exposed to X-Gal and IPTG solutions, which together with β-galactosidase produced by 

bacteria, causes the appearance of a blue-green indolyl dye for better visualization of the 

bacteria colonies on the surface of the membranes as seen in Figure 35B. Both functionalized 

membranes completely inhibited bacterial growth on their surfaces in contrast to the sulfonated 

PS even though the growth of Gram-negative bacteria is generally more difficult to inhibit due 

to their more durable double-layered cell wall.66 
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Figure 35 A: Demonstration of the ability of nanoporous nanofiber membranes PSPEI to prevent E. coli from 

passing through. B: Surface antibacterial activity. Agar plates with pieces of the PSPEI/N1 (a), PSPEI (b) and 

sulfonated PS (c) nanofiber membranes after inoculation with the E. coli strain DH5α (blue-green spots) and 16 

hours of incubation at 37°C.  

These two features, the surface antibacterial character and loss of bacteria adherence, 

are highly important for biofilm formation, which is a highly undesired process. The biofilm 

consists of bacteria in the form a cohesive network that is held together by hydrated extracellular 

polymeric substances (proteins, lipids, polysaccharides, and nucleic acids). Once the biofilm is 

formed, it is especially difficult to destroy it or only disturb it. Because an active process is 

required to form a biofilm, the deposition of dead bacteria has only a minor effect on biofilm 

formation.200 In this context, it can be expected that PSPEI and PSPEI/N1 membranes will 

exhibit a low tendency for biofilm formation. 

Beside the surface antibacterial action, the spatial antibacterial properties triggered by 

photorelease of NO were also verified. The PSPEI/N1 and blank (PSPEI and sulfonated PS) 

nanofiber membranes were immersed in the suspensions of Gram-negative E. coli in 1 cm 

cuvette and irradiated with a 500 W Xe-lamp with a long-pass filter (λ ≥ 400 nm) or kept in the 

dark, as a reference. Then, 150 µL aliquots of each bacterial suspension were pipetted onto the 

sterile agar plate and incubated overnight at 37°C in the dark. As can be observed in Figure 36, 

only 10 minutes of irradiation by visible light is sufficient to completely inhibit the bacterial 

growth. No inhibition of bacterial growth in the surroundings of all tested samples was observed 

without the irradiation. Minor antibacterial properties can be attributed to the light itself or to 

the inactivation of bacteria that were in close proximity to the surface of PSPEI and PSPEI/N1 

(Table 6) due to the presence of antibacterial PEI. 
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Figure 36 A: Spatial photoantibacterial activity of PSPEI/N1 compared with that of PSPEI and sulfonated 

pristine nanofiber membrane immersed in a suspension of E. coli. The results show the ratio of the CFUs 

observed on the sterile agar plates for the irradiated (5 and 10 min) in contrast to the non-irradiated samples from 

three independent tests. B: Photographs of agar plates illustrating the spatial antibacterial activity of the 

PSPEI/N1 membrane compared to the blank samples (sulfonated PS and PSPEI) after 10 minutes of irradiation 

with a 500 W Xe-lamp with a long-pass filter (λ ≥ 400 nm). 

The amount of NO released from a NO-photodonor in general is limited by their 

quantity, thus one molecule of N1 can release only one molecule of NO. The role of N1 lies in 

a rapid sterilization of the nanofiber surroundings after the visible light excitation. Afterwards, 

the sterile environment should be maintained by PEI over long periods of time. 

 Beside the direct antibacterial action, the NO-releasing polymers have shown the 

propensity to accelerate the wound healing process for incisional and excisional wounds and 

moreover, reduce biofilm formation.201,202 In this context, the presented photoactive membranes 

may have a high potential in various medical applications, especially as wound dressings, due 

to their multifunctional character: (i) the nanoporous structure of membranes ensures that 

bacteria or other pathogens are detained on their surface and thus cannot pass through, (ii) the 

dark surface antibacterial character provided by PEI covalently attached to the surface of 

nanofibers, which also yields a low adherence of bacteria, and (iii) spatial antibacterial effect 

provided by the photogenerated NO triggered by irradiation of NO-photodonor. Furthermore, 

the introduction of NO to the wounds might also accelerate the healing due the vasodilation and 

blood microcirculation effects caused by NO. The low bacterial adherence and the antibacterial 

surface, together with releasing NO and a high local concentration of CO2 (on PEI), should 

enhance the antibiofilm protection, which may further accelerate the therapeutic process in PDI 

or PACT. 
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5. 3. POLYSTYRENE NANOFIBER MEMBRANE FUNCTIONALIZED WITH 

BIOTIN-AVIDIN SYSTEM (Proof of Concept) 

Besides using nanomaterials as a support for the molecules that display antibacterial 

properties by various ways,2,76 it is also highly intriguing to use e. g. nanofiber membranes for 

functionalization with biologically active molecules. Especially biotinylation of nanofiber 

membrane opens numerous further possibilities as biotin readily binds avidin and its 

derivatives. In general, biotin-avidin system is most often used in protein or cell labelling, tissue 

engineering and various assays like ELISA.167 Moreover, among other properties, biotin-avidin 

system enhances the cell proliferation and adhesion.167 The goal of the following study was 

mainly to proof the possibility to covalently bind the biotin to surface of PS nanofiber 

membrane with subsequent binding of a biologically active avidin derivate. For this purpose, 

avidin-horseradish peroxidase conjugate (AHRP) was selected as model compound. Its 

preserved enzymatic activity tested after the binding to nanofiber membranes should confirm 

the proof of concept. 

5. 3. 1. Preparation and characterization of the nanofiber membranes 

The preparation of the individual PS nanofiber membrane with the chemical structures 

of employed molecules is schematically summarized in Figure 37. The azo-biotin-azide was 

chosen for several reasons. Compared to other biotin derivatives which are colourless, this 

derivative possesses a yellow colour due to the azo (-N=N-) group making it easier to identify 

on the PS nanofiber membrane which is useful for such preliminary proof-of-concept study. 

The polyethylene glycol (PEG) linker further enhances the hydrophilicity, an important feature 

for any material that is planned to be used in biological applications. The azide group opens the 

way for “click” reaction to covalently attach this derivative to derivatized PS nanofiber 

membrane. The choice of AHRP is based on the fact that its functionality is well-proven and 

any avidin derivative binds rapidly to biotin or biotinylated molecules forming the strongest 

known non-covalent supramolecular bond. Thus, it is an ideal candidate to proof our concept 

whether the biotin-avidin system can be attached to PS nanofiber membrane and how it is going 

to affect the functionality of both, the membrane and the bioactive molecule. 
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Figure 37 Schematic diagram of the PS nanofibers functionalization with the structures of the employed 

molecules. 

The pieces of pristine electrospun PS nanofiber membranes (ca 60 cm2) were fixed on 

quartz glass support and immersed in chlorosulfonic acid for 5 minutes at ambient temperature. 

Then, the membranes were washed 5× with dichloromethane and subsequently transferred to a 

dichloromethane solution of propargylamine (3 mM) for 12 h after which the membranes were 

taken out and immersed in deionized water to get rid of any residues of organic solvent and the 

excess of propargylamine. The resulting membranes possessing free terminal triple bonds (TB 

PS) were stored in 0.02 M PBS (pH = 7.0). 

For the “click” reaction, a piece of TB PS membrane (ca 30 cm2) was immersed in a 

0.02 M PBS solution of azo-biotin-azide (1 mg mL-1) and heated to 50°C for 12 hours without 

a use of any catalyst. When the copper sulphate/sodium ascorbate catalysis was used, the Cu2+ 

was rapidly adsorbed on the surface of the nanofibers because the unreacted sulfo groups make 

the surface negatively charged. The use of ruthenium catalyst did not result in the 

functionalization of the nanofibers. Thus, it was decided to use the non-catalytic reaction 

pathway. After this procedure, the biotinylated nanofiber membranes (TB-B PS) were washed 

3× with deionized water and stored in 0.02 M PBS (pH = 7.0). 

Then, the TB-B PS membranes (ca 30 cm2) were placed in the AHRP solution (0.25 mg 

mL-1) in 0.02 M PBS at 37°C for 24 hours. The resulting membranes with bonded AHRP (TB-

BA PS) were washed thoroughly with 0.02 M PBS (pH=7.0) and stored in it as well. 
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The nanofiber character of the membranes was only slightly affected by the 

functionalization as can be seen in Figure 38 and Table 7. The diameter of the nanofibers 

increased by ca 60 nm in average which is a usual effect of the post electrospinning 

chlorosulfonation.2,76 The maintained nanofiber character is important as the large surface 

provided by the nanofiber presence is crucial for the biological applications; higher 

concentration of bioactive molecules can be embedded on the surface, thus enhancing the 

potential biosensing sensitivity. 

 

Figure 38 SEM images of pristine PS (A), sulfonated PS (B), TB PS (C), TB-B PS (D) and TB-BA PS (E) 

membranes with representation of the apparent contact angle (ACA) measurements (upper images). 

All functionalized membranes displayed highly hydrophilic behaviour (ACA < 5°) in 

contrast to highly hydrophobic pristine PS (ACA = 130°). The hydrophilic behaviour ensures 

an efficient contact between the molecules in aqueous environment and the surface of the 

nanofibers.1,2 

Table 7 The average diameter of the nanofibers determined by SEM. 

Sample Average diameter of fibers (nm) 

Pristine PS 281±21 

Sulfonated PS 332±45 

TB PS 347±53 

TB-B PS 325±42 

TB-BA PS 362±49 
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5. 3. 2. UV/vis absorption spectra 

Figure 39 depicts the absorption spectra of TB PS, TB-B PS and TB-BA PS 

membranes in comparison to the absorption spectra of employed compounds in solutions. All 

compounds display partial absorption in the visible region. Propargylamine, compound that was 

used to functionalize the original PS membrane to possess triple bonds, has a pale-yellow colour 

which resulted in the increased absorption of the TB PS in blue region (400 – 500 nm). After 

the covalent attachment of azo-biotin-azide via “click” reaction, even higher absorption peaking 

at 402 nm with a shoulder at ca 500 nm can be observed. The main absorption band in TB-B 

PS did not shift but it is considerably broadened. The broadening of absorption bands often 

occurs when the molecule is attached to a solid support due to the larger scattering on the 

surface.203 The same behaviour can be seen in the case of TB-BA PS sample. The absorption 

band is even slightly broader as the increase in absorption begins at ca 590 nm, which might be 

attributed to the conjugated AHRP that display a pale orange-yellow colour. 

 

Figure 39 Normalized diffuse reflectance spectra of the individual nanofiber membranes in comparison with 

UV/vis absorption spectra of the solutions of employed compounds. 

 The measurements of absorption spectra did not provide sufficient evidence for the 

attachment of the used compounds as the spectra are too similar for the comparison. Thus, the 

additional analysis was performed. 

5. 3. 3. FTIR spectra 

The measurements of the FTIR spectra (Figure 40A) were mainly used to confirm 

successful modification of PS nanofiber membrane with propargylamine as the concentration 

of azo-biotin-azide and AHRP molecules on the surface was under detection limit of the FTIR 

spectrometer. The measured spectra of the pristine and sulfonated PS membranes have been 

already discussed in the Chapter 5. 2. 3. Briefly, the pristine PS has three absorption bands of 

C=C aromatic stretching at 1600, 1492 and 1451 cm−1 and one band at 1028 cm−1 of the C−H 

in-plane bending. The sulfonated PS additionally display new bands of symmetric (1036 cm−1), 

asymmetric (1210 and 1160 cm−1) SO2 stretching and at 1127 and 1006 cm−1 of the in-plane 
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bending of the p-substituted phenyl ring.195 Their intensity is considerably suppressed, 

presumably due to the reaction with propargylamine. The presence of the terminal triple bonds 

in TB PS nanofiber membrane was confirmed by the appearance of an intensive absorption 

band at 3265 cm-1 which can be attributed to the –C≡C–H stretching vibration. Moreover, the 

weak band peaking at 2123 cm-1 corresponds with the carbon-carbon triple bond (–C≡C–). The 

appearance of this band is generally an important diagnostic tool because only few organic 

compounds show an infrared absorption in this region. Its decrease in the FTIR spectrum of 

TB-B PS membrane (Figure 40B) indicated that the “click” reaction indeed occurred, 

moreover, in relatively high yield as the absorption band decreased almost completely. 

A B 

  

Figure 40 A: FTIR spectra of functionalized nanofiber membranes. B: Comparison of –C≡C–H stretching 

vibration band between TB PS (a) and TB-B PS (b). 

 5. 3. 4. HABA assay 

 To confirm the biotinylation of TB PS membrane to TB-B PS by azo-biotin-azide, the 

assay using 4'-hydroxyazobenzene-2-carboxylic acid (HABA) was employed which can be also 

used to determine the amount of biotin attached to the nanofiber membrane. HABA dye binds 

readily to avidin and its derivatives to produce a yellow-orange complex that displays the main 

absorption band at 500 nm. This method is highly versatile as it can be used over a wide range 

of pH and concentrations.204,205 
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Figure 41 HABA assay: The decrease of absorption spectra (indicated by arrow) of 3 ml of 3×10-4 M HABA-

Avidin solution in 0.02M PBS (pH = 7.0) before (a) and after the 10 minutes immersion of 4 cm2 of blank TB 

PS (b) or TB-B PS (c). 

In this case, the samples (ca 4 cm2) of blank TB PS and TB-B PS membranes were 

immersed into 3×10-4 M HABA-Avidin solution, incubated for 10 minutes at 37°C, and the 

decrease in the absorption at 500 nm was monitored as depicted in Figure 41 (for details see 

Experimental section). As can be seen, the absorption band of HABA reagent decreased 

immensely in comparison to the blank sample (TB PS). The biotin molecules bonded to the 

surface of TB-B PS membrane displaced HABA molecules in the HABA-avidin complex due 

to their stronger affinity towards avidin (Kd(HABA) = 5.8×10-6 << Kd(biotin) = 1.3×10-15 M), which 

then caused the decrease in the absorbance of the HABA-Avidin complex. The minor decrease 

of absorption by blank can be attributed to the partial physical adsorption of the reagent on the 

TB PS membrane. 

From the decreasing of absorbance at 500 nm, the concentration of biotin on the surface 

of TB-B PS can be simply calculated using Beer Lambert Law (Equation 6): 𝐴500 = 𝜀500𝑑𝑐 (6) 

,where A500 is the absorbance at λ = 500 nm of HABA-avidin complex ε500 is the corresponding 

extinction coefficient (34 500 M-1), d is the path length (cm) and c is the molarity of the complex 

(mol L-1). 

 The decrease of absorbance of HABA-avidin complex caused by the adsorption onto 

the surface of the TB-B PS membranes was used in the calculation. Based on calculation, the 

concentration of biotin (corresponding to diminished concentration of HABA-avidin complex) 

on the TB-B PS membrane is 2.47×10-4 M cm-2.  
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5. 3. 5. Scopoletin assay 

 As the HABA assay proved the presence of biotin, the TB-B PS membrane was 

subsequently reacted with AHRP conjugate. The scopoletin assay was used to indicate whether 

the AHRP was bonded to the nanofibers. The assay is based on quenching of scopoletin 

fluorescence in the presence of hydrogen peroxide catalysed by horseradish peroxidase 

(HRP).206  

 

Figure 42 A: The decrease (indicated by arrow) in the fluorescence of scopoletin (10 µL of scopoletin; 7.7×10-4 

M in 0.02 M PBS solution with 3 mL of 0.5 mM H2O2 in 0.02 M PBS solution) with immersed TB-BA PS (ca 4 

cm2) measured in 5 minutes intervals. B: The decrease in fluorescence intensity of different samples mixed with 

the scopoletin reagent solution (10 µL of scopoletin; 7.7×10-4 M in 0.02 M PBS solution with 3 mL of 0.5 mM 

H2O2 in 0.02 M PBS solution, pH = 7.0) monitored at 460 nm after 10 minutes of mixing the samples with the 

reagent. TB-BA PS immersed in the scopoletin solution with (a) and without (b) the presence of 0.5 mM H2O2; 

100 µL AHRP PBS solution (0.25 mg mL-1) mixed with scopoletin (c); and blank samples of sulfonated PS (d); 

and TB PS (e) immersed in scopoletin solution. 

Figure 42A depicts the decrease in fluorescence intensity when the solution mixture of 

scopoletin and H2O2 (10 µL of 7.7×10-4 M scopoletin in 0.02 M PBS solution with 3 mL of 0.5 

mM H2O2 in 0.02 M PBS solution) was exposed to carefully washed TB-BA PS membrane (ca 

4 cm2) for 10 minutes. The quenching of fluorescence indicated the successful binding of AHRP 

to biotinylated TB-B PS membrane. In contrast, no decrease in fluorescence intensity of 

scopoletin with immersed TB-BA PS was observed without the presence of H2O2. 

For control, the same procedure was performed with the blank samples (sulfonated PS 

and TB PS). Also, the fluorescence quenching of scopoletin solution was validated when mixed 

with free AHRP in PBS solution (0.25 mg mL-1), the same concentration that was used for 

functionalization of TB-B PS by AHRP. From the results shown in Figure 42B may seem that 

the TB-BA PS membrane displays lower efficiency of the quenching of scopoletin fluorescence 

compared to the AHRP solution. However, the concentration of bonded AHRP on the surface 
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of TB-BA PS has not been estimated yet, thus no quantitative conclusions can be stated. The 

test served mainly as an indication of successful functionalization of PS nanofiber membrane 

with AHRP, but also confirmed that the function of HRP is maintained which is an important 

finding for the future usage of different avidin conjugates. Still, additional tests (e. g. reaction 

with fluorescent labelled avidin) are needed to directly confirm that the AHRP is bonded to the 

nanofibers via conjugation with biotin. 

5. 3. 6. Ionic binding of phthalocyanine photosensitizer P2 to TB-BA PS 

Adhesive nanofiber membranes are recently used as a superior scaffold in tissue 

engineering.164-166 As already mentioned above, biotin-avidin systems enhance the cell 

proliferation and adhesion.167,168 HRP helps to reduce the oxidative stress of cells and enhance 

their proliferation as well.207 From that follows, that the prepared nanofiber membrane TB-BA 

PS does not only serve as a proof of concept of biotinylation of PS nanofiber membranes, but 

itself can be utilized as a scaffold in tissue engineering or as a material for wound dressing. In 

both applications the sterile character is highly required.   

To test if it is possible to enrich the TB-BA PS by a photosensitizer ensuring surface 

sterilization (see Chapter 2. 4. 1), the negatively charged membrane (due to the presence of 

unreacted sulfo groups) was immersed in the aqueous solution of 1×10-5 M tetracationic 

phthalocyanine photosensitizer (P2, see Figure 43) for 3 hours and subsequently carefully 

washed with deionized water. P2 was chosen due to its absorbance in the red region of visible 

spectrum where no other component presented in this study absorbs (Figure 39 and Figure 43). 

In the red region of the UV/vis spectrum (Figure 43) of the membrane with absorbed 

P2 (TB-BA P2 PS) equally intensive Q-bands that correspond to the dimer (615 nm) and the 

monomer of P2 (681 nm) were observed. As shown in Figure 43, typically, the non-photoactive 

dimers of P2 prevail in aqueous media, in contrast to less polar media, like dimethylformamide 

with majority of the photoactive monomeric form.186 
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Figure 43 Normalized UV/vis spectra of TB-BA P2 PS membrane (a), P2 in water (b) and P2 in 

dimethylformamide (c). 

The photoproduction of O2(
1g) from the monomeric form of P2 was demonstrated by 

the iodide test depicted in Figure 44A. The amount of photoproduced I3
- is directly proportional 

to the concentration of generated O2(
1g) and can be followed by the increase of absorption 

bands at 287 and 351 nm. As already mentioned, the iodide method is a highly sensitive for 

O2(
1g) detection,41,42 however, not specific. Thus, the well-known quencher of O2(

1g), NaN3, 

was used to confirm its production. As shown in inset of Figure 44A, after addition of 0.1M 

NaN3, the generation of I3
- was almost completely inhibited. 

A B 

 
 

Figure 44 A: Absorption changes (indicated by arrow) of 2 mL of an air-saturated aqueous solution of 

0.1 M I− containing ca 4 cm2 of TB-BA P2 PS membrane during irradiation (5 minutes intervals) with visible 

light at ambient temperature. Inset: Time course of the photogeneration of I3
− monitored at 287 nm in H2O (a) 

and in the presence of 0.1 M NaN3 (b). B: The decrease in the fluorescence of scopoletin (a, 10 µL of scopoletin; 

7.7×10-4 M in 0.02 M PBS solution with 3 mL of 0.5 mM H2O2 in 0.02 M PBS solution) after 15 minutes 

immersion of ca 4 cm2 TB-BA PS (b) and TB-BA P2 PS (c).  

Additionally, the effect of P2 bonded on the surface of TB-BA P2 PS on AHRP 

enzymatic function was checked by the scopoletin assay. As can be seen in Figure 44B, the 
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presence of P2 photosensitizer on TB-BA P2 PS membrane decreased the ability of AHRP to 

quench the scopoletin fluorescence in the presence of H2O2 by ca 50%. This effect was probably 

caused by the fact that AHRP possesses partial negative charge to which the tetracationic P2 

also binds, thus, reduces its effectivity.208 

5. 3. 7. Further considerations 

The presence of P2 evidently reduces the catalytic effect of bonded AHRP. To solve 

this problem, it might be possible to prepare a nanofiber membrane consisted of two 

functionalized nanofiber layers. The first would consist of PS nanofiber membrane with 

embedded photosensitizer molecule acting as sterilizing barrier against bacteria and other 

pathogens while the second layer would be the TB-BA PS membrane with enzymatic activity 

which helps to reduce the oxidative stress of cells and enhance their proliferation. This might 

be better approach for a multifunctional nanomaterial for tissue engineering or wound healing 

dressing. The idea is schematically depicted in Figure 45. To prove this idea is a part of recent 

ongoing research. 

 

Figure 45 Theoretical concept of two-layered multifunctional material.  

It has to be noted that the preparation of TB-BA PS and TB-BA P2 PS was not 

optimized as it was not the aim of this thesis. Further characterization and analysis of the 

properties is still under ongoing study e. g. the preparation procedure optimization, the stability 

in water, the thermal stability, the role of PEG spacer in antibiofilm formation on the 

membranes, evaluation of the activity of other enzymes or bioactive molecules attached to the 

nanofiber surface etc. 
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 The goal of this part of the thesis was to test if it is possible to use PS nanofiber 

membrane as a biotinylated matrix for the attachment of various biotin or avidin conjugates 

with antibacterial peptides, antibodies, fluorescent labels, receptors etc. The use of AHRP 

together with the positive results from the analytical tests served as the first proof of this 

concept. 
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6. CONCLUSION 

To conclude, the studies in this dissertation thesis has shown that polystyrene nanofiber 

membranes and nanoparticles are excellent and appropriate substrates for the subsequent 

functionalization with various molecules that either photogenerate antibacterial species like 

O2(
1g) and/or NO (photosensitizers and NO-photodonors, respectively) upon exposure to 

visible light; possess antibacterial properties naturally (polyethyleneimine); or open the 

possibilities for the binding of various biologically active molecules (biotin-avidin system). 

The successful modification of these materials was confirmed by multiple independent 

methods together with the confirmation of photorelease of both antibacterial species by physical 

and chemical analytical techniques. The antibacterial action was well demonstrated on a Gram-

negative bacterial strain Escherichia coli. 

Each of the described materials combines numerous features. The photofunctional 

polystyrene nanoparticles simultaneously photogenerate small antibacterial species NO and 

O2(
1Δg), providing an efficient long-term spatial antibacterial action in aqueous environments. 

Furthermore, after the sterilization, these nanoparticles can be readily and completely removed 

from aqueous media by simple filtration though polyurethane nanofiber membrane. The 

nanofiber membrane with covalently attached NO-photodonor and polyethyleneimine can also 

offer several functionalities. The nanofibrous character ensures that the bacteria and other 

pathogens are trapped on its nanoporous surface. The surface sterilization is caused by the 

presence of polyethyleneimine which also decrease the adherence of bacteria. The spatial 

sterilization is provided by the photoproduced NO which may also play a role in possible 

vasodilatation and microcirculation effects. The biotinylation of polystyrene nanofiber 

membrane with subsequent binding of avidin-horseradish peroxidase conjugate shows that the 

polystyrene nanofibers might be an interesting biotinylated support for any avidin or biotin 

conjugates with biologically active molecules. The employed avidin-horseradish peroxidase 

bonded on the polystyrene nanofiber membrane might help to reduce oxidative stress and when 

combined with the antibacterial properties of O2(
1g), such a material might be intriguing as a 

scaffold in tissue engineering or for wound dressings application. Nevertheless, these results 

are only preliminary and further study is necessary. 

All of the described features make the presented functionalized polystyrene 

nanomaterials highly interesting for broad range of biomedical applications and generally, for 

any application where the sterile environment has to be introduced and/or maintained. 
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7. APPENDICES 

7. 1. ADDITIONAL WORK 

           7. 1. 1. Boron hydrides and their derivatives 

To further enhance the effectivity of NO and O2(
1g) photoproduction, we thought, it 

might be interesting to use photostable “antenna” molecules with high quantum yields of 

fluorescence to transfer the emitted energy to porphyrinoid or phthalocyanine acceptors via 

Förster resonance energy transfer (FRET). Potentially interesting candidates for this use might 

be the boron hydrides. 

Boron, like carbon, forms an extensive series of hydrides and heteroatom derivatives of 

hydrides with unique quasiaromatic polyhedral cluster geometries.209,210 Borane clusters are 

categorized according the polyhedral skeletal electron pair theory developed by Kenneth 

Wade.211 As clusters become more electron-rich, their structures gradually open from closo 

(BnHn
2-) to nido (BnHn+4) to arachno (BnHn+6) geometries (Figure 46). There also exist cluster 

geometries even more open in nature – hypho (BnHn+8) and klado (BnHn+10) boranes, however 

they are rarer. The individual cage units can also join together to give larger molecular 

assemblies. Here the term “macropolyhedral” has been coined212 to categorize compounds that 

(a) contain more than one boron-hydride-based cage and in which (b) individual cages fuse to 

each other with two or more cage atoms held in common so that the cluster multicentre bonding 

characteristics extend through, and are part of, the inter-cage link.  

 

Figure 46 Geometries in boron hydride structures. 
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Luminophores based on hydrocarbons and their derivatives, are a wide, well known and 

extensively studied group of compounds.213 Whereas the boron hydrides (commonly known as 

the boranes) and their photophysical properties are still a highly unexplored area. Delineation 

of the photophysical properties and behaviour of new classes of luminescent compounds, 

especially those of such a unique structure, have both theoretical and practical importance.214 

In general, the research on luminescent boron hydrides has been focusing mainly on the 

isomers of closo-dicarbadodecaborane, C2B10H12, as enhancers of the fluorescent properties of 

various luminescent organic polymers215 or fluorophores.216,217,218,219 Of all the known binary 

boranes (compounds consisting only of boron and hydrogen), anti-B18H22, the centrosymmetric 

isomer of octadecaborane(22), is the only one known to have the property of fluorescence. This 

attribute was first noticed by Hawthorne et al. some years ago,220 and subsequently described 

comprehensively, including a full consideration of all transitions between ground and excited 

electronic states of the molecule.30 In this latter study, anti-B18H22 was revealed to exhibit strong 

blue fluorescence with quantum yield close to unity (ØF = 0.97) together with blue laser 

emission (λ = 406 nm) with good efficiency (ratio of output/input energies) of 9.5 %, and a 

significantly higher photostability to many of the commercial blue laser dyes.28 A molecule 

with such exceptional quantum yield of fluorescence is highly interesting for the purposes of 

intermolecular energy transfer e. g. FRET, a physical phenomenon in which excitation energy 

from an excited donor is non-radiatively transferred to a proximal ground-state acceptor by 

means of dipole–dipole coupling.221  

As was mentioned in Chapter 2. 1. 1., anti-B18H22 is also partially able to produce 

O2(
1g) (ɸ = 0.008) which can be readily enhanced by the thiolation of the borane cluster to 

form 4,4’-(HS)2-anti-B18H20, which largely increases the quantum yield of singlet oxygen 

production to 0.59.29 Thus, derivatisation of anti-B18H22 might also lead a to new group of 

photosensitizers.  

In addition, we are highly interested in incorporation of boranes into polymer matrices. 

An advantage of incorporating chromophores, generally, into polymers is that the solid material 

may be cast as thin films acting as wave-guiding active devices. In fact, there has been 

significant work over the last few years exploring the development of these types of devices 

because of their potential applications as coherent light sources suitable for integration in 

optoelectronic and disposable spectroscopic and sensing devices, as well as its use as 

luminescent solar concentrators (LSCs) for energy harvesting applications. 
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In this regard, the boranes might be a potential candidate, as chromophores in LSCs 

should have minimal reabsorption (large Stokes shifts), fluorescence quantum yields above 0.90 

and high photostabilities, requirements that are fulfilled by the fluorescent boron hydride, anti-

B18H22. Consequently, boranes are promising candidates that might play an important role in 

further enhancement of the photoproduction of short-lived antibacterial species via energy 

transfer of some kind. 

           7. 1. 2. Boron hydrides as energy transferring “antennae” 

           Our original idea was to encapsulate a NO-photodonor with porphyrinoid 

photosensitizer with anti-B18H22 into nanofibers or nanoparticles and study the possibility of 

Förster resonance energy transfer (FRET) between the borane and porphyrinoid. Porphyrins 

usually have their Soret band in the area between 400 and 450 nm, a region of the spectrum at 

which anti-B18H22 emits (Figure 47). Photosensitizers tetraphenylporphyrin (TPP) or 

5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin tetra-p-toluensulfonate (P1) seemed 

like ideal candidates with absorption maxima of their respective Soret bands at 419 and 422 

nm. The same goes for N-(3-aminopropyl)-3-(trifluoromethyl)-4-nitrobenzenamine (N1) with 

absorption maximum at 400 nm. 

 

Figure 47 Absorption spectra of N1 (a), P1 (b) and emission spectrum of anti-B18H22 (c). 

           However, anti-B18H22 consistently decomposed during the electrospinning to prepare 

nanofibers which was monitored by the NMR spectroscopy of dissolved nanofibers. The 11B 

NMR spectra showed only one singlet peak (δ = 20.1 ppm) of a decomposition product – borate, 

a boron containing oxyanion. The preparation of nanoparticles doped with anti-B18H22 

presented a different problem; anti-B18H22 is an acidic molecule due to the presence of four 

bridging hydrogens (B-H-B 3-centre/2-electron bridges) in its structure. Thus on contact with 

water, rapid deprotonation to [B18H21]
¯ occurs, the colour changes to yellow and the fluorescent 

properties are completely diminished which was also followed by the analysis of 11B NMR 

spectra. 
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            Therefore, we started working on the preparation of derivatives of anti-B18H22 that could 

be somehow more compatible with nanofibers. An appropriate starting point was the pyridine 

derivative of anti-B18H22; the “electron-deficient” borane cluster being readily accepting of 

electron density from the pyridine and the subsequent reduction in the acidity of the molecule. 

       Thus, the reaction of anti-B18H22 with pyridine in refluxing chloroform gives sparingly 

soluble B16H18-3′,8′-Py2 as the major product (ca 53 %) and B18H20-6′,9′-Py2
 (ca 15 %) as the 

minor product, with small quantities of B18H20-8′-Py (ca 1 %) also being formed. The syntheses 

and full structural characterisation of these three new compounds by single-crystal X-ray 

diffraction analyses and by multinuclear multiple-resonance NMR spectroscopy were 

published3 along with a detailed study of their photophysical properties. For the purpose of this 

Chapter it is appropriate and convenient to concentrate on the most photoactive species of these 

new compounds: the orange-red crystalline solid anti- B18H20-6′,9′-Py2.*  

*Synthesis of B18H20(NC5H5)2 

A mixture of anti-B18H22 (0.1 g; 0.461 mmol) and pyridine (0.37 mL; 4.61 mmol) was heated in 50 mL 

of refluxing chloroform in an inert atmosphere of argon for 24 h. The reaction mixture was subsequently filtered 

to remove any unwanted precipitates, concentrated under reduced pressure, and separated by column 

chromatography (Silica as stationary phase, 100% dichloromethane as mobile phase). B18H20(NC5H5)2 elutes with 

small impurities as a first chromatographic band (Rf = 0.9). The volume of this solution was then reduced and 

separated by further column chromatography on a silica column (dichloromethane/hexane, 50/50) to give the pure 

compound (Rf = 0.5). A dichloromethane solution layered with n-hexane and placed in the fridge overnight, 

crystallized to give 26 mg (15%) of orange–red crystals; mp 239 °C; 11B NMR (128 MHz, CD2Cl2, δ): 12.4 (d, J 

= 137 Hz, 1B, B3′), 9.9 (d, J = 104 Hz, 1B, B10′), 0.4 (s, 1B, B10), −5.2 (d, J = 122 Hz, 1B, B9′), −7.7 (d, J = 128 

Hz, 1B, B8′), −7.9 (d, J = 127 Hz, 1B, B4), −10.0 (d, J = 138 Hz, 1B, B1′), −10.1 (d, J = 137 Hz, 1B, B2), −12.0 

(d, J = 140 Hz, 1B, B9), −13.6 (s, 1B, B5), −13.7 (d, J = 132 Hz, 1B, B6), −20.9 (d, J = 149 Hz, 1B, B2′), −21.0 

(d, J = 142 Hz, 1B, B8), −25.2 (d, J = 104 Hz, 1B, B7), −32.4 (d, J = 122 Hz, 1B, B7′), −35.7 (d, J = 146 Hz, 1B, 

B3), −37.4 (d, J = 152 Hz, 1B, B1), −42.2 (d, J = 144 Hz, 1B, B4′); 1H NMR (400 MHz, CD2Cl2, δ): 3.83 (s, 1H, 

H3′), 3.42 (s, 1H, H10′), 2.96 (s, 1H, H9′), 1.51 (s, 1H, H8′), 2.47 (s, 1H, H4), 2.20 (s, 1H, H1′), 2.81 (s, 1H, H2), 

1.74 (s, 1H, H2′), 1.50 (s, 1H, H8), 1.43 (s, 1H, H7), 1.27 (s, 1H, H7′), 0.99 (s, 1H, H6), 0.92 (s, 1H, H3), 0.62 (s, 

1H, H9), 0.09 (s, 1H, μH9′,10), 0.05 (s, 1H, H4′), −0.56 (s, 1H, H1), −0.74 (s, 1H, μH7′,10), −2.79 (s, 1H, μH8′,9′), 

−4.00 (s, 1H, μH7,8); MS ESI m/z for B18C10H30N2: 376.30 (10%) [M+H]+, calcd. 376.41 (10%); UV/vis (THF): 

λabs (ε) = 415 nm (9.3×103 M−1cm−1), λem 690 nm. 

Of particular relevance to this Thesis work is the absorption spectrum of anti-B18H20-

6′,9′-Py2 (hence anti-B18H20Py2 for brevity) which perfectly overlaps with the emission 

spectrum of anti-B18H22. Indeed, this overlap we have shown to be maintained even after their 

incorporation into PS thin films. In the context of the above idea of using luminescent boranes 
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as energy transfer agents, it occurred to us to perform a FRET experiment with mixtures of 

these two boranes immobilised in PS thin films (Figure 48). 

A B 

 

Figure 48 A: Scheme of the FRET phenomenon from anti-B18H22 to anti-B18H20Py2, B: Absorption (black solid 

line) and fluorescence (red solid line) spectra for anti-B18H20Py2-PS ~58 µm films, and fluorescence spectra for 
compound anti-B18H22-PS ≈70 µm film (dashed line). Films with anti-B18H22 and anti-B18H20Py2 were excited at 

330 and 414 nm, respectively. Inset: Fluorescence of anti-B18H20Py2-PS film under UV excitation (left: 366 nm; 

right: 254 nm). 

          As it has been already mentioned, FRET is a physical phenomenon in which energy from 

an excited donor - in this case anti-B18H22 - is non-radiatively transferred to a proximal ground-

state acceptor - anti-B18H20Py2 - by means of dipole–dipole coupling.221 The energy transfer 

process in a FRET system requires, amongst other factors, good overlap between donor 

emission and acceptor absorption bands, which the two boranes in study indeed have. To our 

knowledge, this is the first FRET experiment to be conducted on borane species. The only 

relatively similar study focused on a “through-space energy transfer” between two 

chromophores conjoined by a carborane molecule.222 

          The absorption spectrum of the mixture (Figure 49A) clearly shows the contribution of 

both boranes, with peaks at 330 nm (anti-B18H22), and 400 and 440 nm (anti-B18H20Py2). The 

PS film doped only with anti-B18H22 was slightly thicker than those modified with anti-

B18H20Py2 (70 vs 58 µm) and is the cause of the stronger absorption at 330 nm. Samples of PS 

doped with both boranes, however, absorb light across more than 300 nm (250–550 nm), 

making this material perhaps interesting and useful for the field of luminescent solar 

concentrators.223 
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Figure 49 A: Absorption spectra for PS ~58 µm films doped with anti-B18H22 (a), anti-B18H20Py2 (b) and anti-

B18H22/anti-B18H20Py2 1:1 mixture (c). B: Fluorescence emission spectra (corrected from reemission/ 

reabsorption effects)224 of thin PS films doped with anti-B18H22 (a) 25×10−3 M (a), anti-B18H20Py2 (b) 25×10−3 M 

(red curve), and anti-B18H22/anti-B18H20Py2 25×10−3 M/25×10−3 M mixture (c) under UV excitation at 330 nm. 

The fluorescence intensity has not been corrected from excitation absorption, and therefore depicts the actual 

intensity measured by the spectrometer. 

           The thin films of PS doped with 25×10−3 M/25×10−3 M mixtures of anti-B18H22/anti-

B18H20Py2 show a strong pale-orange fluorescence when irradiated with a UV lamp both at 366 

and 254 nm. In addition, a faint orange glow can be observed in the edge of these films when 

exposed to sunlight (Figure 48B, inset). Its emission is paler compared to the samples without 

anti-B18H22 due to the blue/yellow contribution from anti-B18H22 to the overall fluorescence. 

           When excited at 330 nm (peak absorption for anti-B18H22), PS films doped with anti-

B18H22 alone show a strong fluorescence peaking at 417 nm. Samples doped with anti-

B18H20Py2 alone show a fluorescence, peaking at 609 nm, that is rather weaker, which can be 

attributed to the low absorption at 330 nm and, generally, a lower quantum yield. PS films 

containing both borane compounds clearly show emission characteristics of both compounds. 

However, the emission corresponding to anti-B18H22 is now much weaker than that from films 

with just anti-B18H22 alone because the vast majority of energy is transferred to anti-B18H20Py2 

by FRET. As expected, the emission corresponding to anti-B18H20Py2 becomes stronger than 

that from samples with anti-B18H20Py2 alone due to FRET. 

            Indeed, the emission spectra shown in Figure 49B reveal a strong FRET between the 

two borane compounds with an efficiency as high as ϕFRET = 0.88, slightly higher than the 

predicted value (ϕFRET = 0.83). In other words, nearly all of the excited anti-B18H22 molecules 

transfer their energy to the B18H20Py2 molecules. We also estimated the Förster critical radius 

for the anti-B18H22/anti-B18H20Py2 pair. In this case, we arrive at a value of R0 ~33 Å. This 

value is of the same order of magnitude as for those of other FRET pairs,221 which is a 

remarkable result if we take into account that the absorption of anti-B18H20Py2 is low in 

comparison with organic dyes. It follows that the R0 value for the anti-B18H22/anti-B18H20Py2 
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pair is primarily a consequence of the almost perfect overlap in their respective 

emission/absorbance spectra (Figure 48). 

 Overall, we were not able to use luminescent boron hydrides as energy transferring 

“antennae” in a combination with photosensitizers and NO-photodonors due to the 

decomposition of the clusters during electrospinning or the water sensitivity of anti-B18H22 in 

case of nanoparticle preparation. Nevertheless, we have proven that fluorescence from 

macropolyhedral boranes is not just limited to the blue laser anti-B18H22 and that substitution 

of the boron cage and, thus, the introduction of freer modes of intramolecular movement, opens 

the door to different colours of emission. Additionally, the combination of both boranes in PS 

leads to a material capable of absorbing light within a 250–550 nm range and the efficient 

concentration of the absorbed energy into the red spectral region. From this technological 

perspective, while the high efficiency of energy transfer from anti-B18H22 to anti-B18H20Py2 is 

encouraging, the low absorption cross-section of material is a handicap which we are currently 

trying to overcome in further studies. 

All the acquired data were summarized in two articles in which is possible to find more 

details regarding the synthesis, structure analysis, computational analysis and the photophysical 

properties of anti-B18H20Py2.
3,4 

Concordantly, work continues in exploring for new boron hydride derivatives either of 

anti-B18H22 or a simpler system derived from nido decaborane to potentially increase the 

absorption coefficients and study their photophysical properties in general.  

            7. 1. 3. Fluorescent derivatives of nido-decaborane 

Figure 50 depicts shows that the structure of anti-B18H20Py2 is a rare example of two 

conjoined boron hydride subclusters of nido and arachno geometry; specifically {nido-B10H11} 

with {arachno-B10H9Py2}. The specific geometries of these subclusters, and their respective 

contributions to its molecular photophysics,202 make anti-B18H20Py2 an interesting cross-over 

between macropolyhedral and single-cluster borane systems, and ideal for comparison with the 

single-cluster system derived from nido-decaborane arachno-6,9-(Py)2B10H12 that was found 

to be luminescent by Volkov et al. in 1996.225 
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Figure 50 The schematic depiction of the structural constitution of anti-B18H20Py2. 

All arachno-6,9-L2B10H12 with L as aromatic heterocycles are brightly coloured, a 

shared characteristic first studied by Hawthorne et al.226 Their visible absorption spectra exhibit 

a charge transfer band (CTB), which corresponds to the electron transition from the π orbitals 

of the open three-center bonds in the open face of the boron cluster to the antibonding π* orbitals 

of the aromatic ligand rings. The wavelength of absorption maxima for L-monosubstituted 

pyridines exhibits linear correlations with the Hammett σ-constants of the substituents and with 

the LUMO energy of the substituted pyridines. Thus, electron-withdrawing substituents on 

pyridine causes bathochromic shift of the absorption band, whereas electron-donating 

substituents cause a hypsochromic shift.226 However, fluorescent emission was not recognized 

until 1996 by Volkov et al.225 Nevertheless, this study only briefly describes the basic 

absorption and emission spectra without further investigation.  

The direct similarity of arachno-6,9-L2B10H12 molecular system to anti-B18H20L2 

motivated us to advance in the analysis and explanation of its photophysical properties. 

Currently, we are in possession of over 20 new fluorescent derivatives with arachno-6,9-

L2B10H12 molecular arrangement and their photophysical properties and also the behaviour in 

the polymer matrices are under ongoing investigation.  
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7. 2. CONTRIBUTION OF THE AUTHOR TO PUBLICATIONS AND STUDIES 

PRESENTED IN THIS THESIS 

7. 2. 1. Antibacterial Nitric Oxide and Singlet Oxygen Releasing Polystyrene 

Nanoparticles Responsive to Light and Temperature Triggers1 

o Synthesis and characterization of 4-(N-(aminopropyl)-3-(trifluoromethyl)-4-

nitrobenzenamine)-7-nitrobenzofurazan (N2) 

o Preparation and characterization of nanoparticles (Gravimetric analysis, IEC, DLS) 

o UV/vis absorption and emission spectroscopy 

o Amperometric and chemical detection of nitric oxide 

o Chemical detection of O2(
1Δg) - photooxidation of model species 

o Antibacterial tests 

o Participation in manuscript writing 

7. 2. 2. Multifunctional Polystyrene Nanofiber Membrane with Bounded 

Polyethyleneimine and NO-photodonor: Dark and Light Induced Antibacterial Effect 

and Enhanced CO2 Adsorption2 

o Synthesis and characterization of N-(aminopropyl)-3-(trifluoromethyl)-4-

nitrobenzenamine (N1) 

o Preparation and characterization of nanofiber membranes (Gravimetric analysis, IEC, 

FTIR, ACA, ninhydrin assay) 

o UV/vis absorption spectroscopy 

o Amperometric and chemical detection of nitric oxide 

o Crystal violet assay, bacteria filtration tests, antibacterial tests 

o Participation in manuscript writing 

7. 2. 3. Polystyrene Nanofiber Membrane Functionalized with Biotin-Avidin System 

o Preparation and characterization of nanofiber membranes (ACA, FTIR) 

o UV/vis absorption spectroscopy 

o Iodide test 

o HABA assay 

o Scopoletin assay 

7. 2. 4. Luminescent Derivatives of Boron Hydrides3,4 

o Synthesis, its optimization and 1H and 11B NMR characterization of all fluorescent 

derivatives 

o Crystal structure analysis 

o Basic UV/vis absorption and emission spectroscopy 

o Preliminary preparation of PS thin films 

o Participation in manuscript writing 
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