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Abstract: 

Here we present a new effective antibacterial material suitable for a coating, e.g., surface 

treatment of textiles, which is also time and financially undemanding. The most important 

role is played by hydrophobic carbon quantum dots, as a new type of photosensitizer, 

produced by carbonization of different carbon precursors, which are incorporated by swelling 

from solution into various polymer matrices in the form of thin films, in particular 

polyurethanes, which are currently commercially used for industrial surface treatment of 

textiles. The role of hydrophobic carbon quantum dots is to work as photosensitizers upon 

irradiation and produce reactive oxygen species, namely singlet oxygen, which is already 

known as the most effective radical for elimination different kinds of bacteria on the surface 

or in close proximity to such modified material. Therefore, we have mainly studied the effect 

of hydrophobic carbon quantum dots on Staphylococcus aureus and the cytotoxicity tests, 

which are essential for the safe handling of such material. Also, the production of singlet 

oxygen by several methods (electron paramagnetic spectroscopy, time-resolved near-infrared 

spectroscopy), surface structures (atomic force microscopy and contact angle measurement), 

and the effect of radiation on polymer matrices were studied. The prepared material is easily 

modulated by end-user requirements. 

 

1. Introduction 

A lot of effort is currently being made to produce multifunctional materials that are also 

environmentally friendly, cost-effective, and time-saving, and this requires constant 

innovation in science and technology [1–4]. A specific case is, for example, textiles, which 

must often be waterproof, conductive, antistatic, antimicrobial, UV protected, and last but not 

least, have a long service life [5–10]. If we want to deal specifically with an antimicrobial, in 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



the narrower sense - antibacterial treatment of textiles, such treatments are possible using, 

e.g., different types of plasma - RF plasma or low-temperature plasma [11–13]. In general, the 

plasma treatment of textiles is often performed for the activation of the textile surface 

[12,14,15]. In order to minimize the damage of the fibers, the low-temperature plasmas are 

used [16]. 

The preparation of antibacterial textiles is often a combination of methods, for example, 

where different types of particles or nanoparticles counteract the adhesion and multiplication 

of bacteria. Commonly used antibacterial nanomaterials are TiO2, ZnO, MgO, CuO, Al2O3, or 

silver ions [12,17–25]. 

For centuries silver has been used as a biocidal product [26]. On contact with moisture, a 

reaction occurs, releasing silver ions. They penetrate microbes, which are subsequently unable 

to be active, grow, or reproduce [27,28]. Currently, the largest consumers of silver-based 

biocidal products are food processing plants, pharmaceutical manufacturing plants, and 

medical facilities such as hospitals and nursing homes, offering the ideal environment for 

microbes [29]. However, the use of silver nanoparticles presents several disadvantages: silver 

nanoparticles exhibit uncontrolled antibacterial activity throughout their use, silver 

nanoparticles are susceptible to oxidation, so they lose their antibacterial effects after some 

time, the silver nanoparticles are water-soluble so that any exposure of the material containing 

the silver nanoparticles to water or biological fluids (urine, blood, sweat) results in its 

degradation, it is a relatively costly material, need a long contact time to be effective, and on 

top of that, silver-resistant organisms are already appearing [30].  

At present, an auspicious new material is QDs. Louis Brus and Alexey Ekimov are 

considered as their discoverers [31,32]. Their name was due to their small size and quantum 

effects [33]. They are characterized by a number of excellent properties such as, for example, 

electrical and optical properties, photobleaching stability, photoluminescence, and 
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antimicrobial effect [34]. The new class of QDs is carbon quantum dots (CQDs), in our case, 

hydrophobic (hCQDs), miscible with polymer matrices with a confirmed antibacterial effect 

[35–37]. They can be prepared by burning conventional waste, biomass, or other carbon-

containing precursors. It is, therefore, a very environmentally friendly preparation method 

[38–41]. The CQDs can be used in a number of applications as biomedical, pharmaceutical, 

biomonitoring, food analysis, but mainly for antibacterial treatments, of not just textiles [42–

44]. 

The incorporation of quantum dots onto the surfaces of materials is a new strategy for 

removing unwanted microorganisms, thus significantly prevent antibiotic resistance. To 

reduce the expenses on the treatment of patients that are unnecessarily infected in day-to-day 

activities, or especially in hospital settings. Textiles modified with hCQDs, prepared in this 

way, are able to ensure the cleanliness of clothing even in super-clean rooms, and it is not 

necessary to disinfect them. This material can do this by producing reactive oxygen species 

that are harmful to bacteria, which has been published in several studies [35,36], and it is 

summarized in the review [45]. 

In this paper is described the preparation and characterization of hydrophobic carbon 

quantum dots (hCQDs) in two types of polyurethanes, which are commercially used for 

textile finishing. These two types of polyurethanes serve as polymer carriers for antibacterial 

hCQDs. Their chemical structure, physical and antibacterial properties, and cytotoxicity tests 

were investigated. The advantage of hCQDs is mainly in their production, which is in 

comparison to the known photosensitizers (PS), time, and cost-effective. Antibacterial activity 

of the material is controllable by conventional LEDs, requires only low light intensity, and 

shorter irradiation time in comparison to commonly used PS. Material is non-degradable, 

resistant to photobleaching, and stable over a long period (does not create chemical 
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compounds with atmospheric gases or molecules present in biological fluids). Finally, hCQDs 

are insoluble in water or biological fluids (urine, blood, sweat). 

Antibacterial properties were tested against Staphylococcus aureus. According, 

Kramer et al., S. aureus, including MRSA, can survive on dry inanimate surfaces 7 days to 7 

months. Therefore, antibacterial treatment of textiles, especially in hospitals and clean rooms, 

as well as other aids and equipment, is crucial for human health and for preventing 

contamination and environmental contamination [46]. 

 

2. Experimental 

The hydrophobic quantum dots (hCQDs) with a quantum yield of singlet oxygen 

production 0.31 were prepared according to the procedure, which was previously reported by 

Stanković et al. [43]. The hCQDs concentration in toluene (purchased from Lach:ner s.r.o., 

Slovakia) was approximately 0.4 mg/mL. 

As polymer matrix, were used two types of commercially available transparent polyether-

urethane with thickness 25 µm (LAMETHAN 1 ET 25, next as PU25) and polyester urethane 

(LAMETHAN LB 15-T, next as PU15) with thickness 15 µm. Both polyurethanes were 

donated by CHT Montlingen, Switzerland AG. Selected PUs can be used to coat different 

types of textiles by laminating procedure up to 145°C, which ich not harmful for hCQDs. 

After previous experience with polyurethanes [35], both LAMETHANES were cut to the 

needed size and dipped into hCQDs/toluene solution for 48 hours. Encapsulation of hCQDs 

into the polymer matrix was running at room temperature. Samples were dried 12 hours at 

80°C in a vacuum drying oven in order to remove any toluene residues. 
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The blue LED lamp (purchased from LEDart s.r.o., Slovakia) with wavelength 470 nm 

and the power 50 W was used as a light source in order to activate nanocomposites. The lamp 

was placed 50 cm above the tested samples in order to produce a homogeneous scattering of 

blue light (470 nm).  

The swelling was measured every 2 hours. Pieces of PU15 and PU25 in size 1 × 1 cm 

were used and dipped into 5 ml of pure toluene and hCQDs/toluene. It was measured to a 

constant weight, which was obtained gravimetrically and compared. The experiment was 

performed in three parallel measurements. 

The contact angle measurement of prepared nanocomposites was conducted using Surface 

Energy Evaluation System (SEE System; Advex Instruments, s.r.o., Czech Republic) and 

software to analyze results. The liquid used was deionized water, and the measurement was 

carried out ten times. 

For surface analysis of samples, we used AFM Multimode 8 (Bruker, USA) equipped 

with ScanAsyst-Air. The morphology of samples was measured in PeakForce Tapping mode 

at room temperature (Bruker, USA). The root-mean-square roughness (RMS) of samples was 

determined by Gwyddion software. The mechanical properties of the composites were 

characterized by the Peak Force QNM scanning probe technique [47]. For the Peak Force 

QNM measurements, we used sapphire as a calibrant for ScanAsyst-Air tip. 

The kinetics of singlet oxygen, 
1
O2, after excitation of individual samples with Quantel 

Nd-YAG laser (excitation wavelength 355 nm, pulse length ~5 ns) was measured using time-

resolved near-infrared luminescence spectroscopy. Luminescence of 
1
O2 at 1270 nm was 

recorded in reflection mode using a Judson Ge diode and interference filters. The signal from 

the detector was collected in a 600 MHz oscilloscope (Agilent Infiniium, USA) and 

transferred to a computer for further analysis. The signal-to-noise ratio of the signals was 
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improved by the averaging of 1000 individual traces. The initial part (up to ~2 μs) was 

omitted due to a significant scattering of the laser pulse and luminescence of QDs and other 

compounds, and it was not used for evaluation. The resulting traces were calculated as the 

difference of the luminescence in the oxygen atmosphere, and vacuum. They were then fitted 

by a single exponential function to calculate the initial concentration of singlet oxygen and its 

lifetime (τΔ). 

The antibacterial activity was performed according to ISO 22196 standard. As a model 

organism, the Gram-positive bacteria Staphylococcus aureus CCM 4516 obtained from the 

Czech Collection of Microorganisms (CCM) was used. Prior to experiments, the sample was 

sterilized by UV irradiation (258 nm). The concentration of started bacterial suspension was 

around 7.7x10
5
 cfu/ml. The antibacterial activity was initiated by irradiation of the samples 

for 1 h. The experiment was repeated three times for statistical relevance. Quantity of viable 

bacteria was calculated as reported in our previous studies according to ISO 22196 

"Measurement of antibacterial activity on plastics and other non-porous surfaces" with 

modification [35,36]. 

Cytotoxicity was measured according to ISO standard 10993-5 on mouse embryonic 

fibroblast cell line (ATCC CRL-1658 NIH/3T3, USA). Media preparation follows the ISO 

standard 10993-12. Tested materials were incubated in culture medium for 24 hours at 37°C 

with stirring. Concretely, 6 cm
2
 of tested samples per 1 mL of media were extracted to get a 

parent extract, which was subsequently diluted. The extracts were filtered using Syringe filter 

0.22 µm. The parent extracts (100 %) were then diluted in culture medium to obtain a series 

of dilutions with concentrations of 75, 50, 25, 10, and 1 %. The extracts were used for up to 

24 hours. Tetrazolium salt (MTT cell proliferation assay kit, Duchefa Biochemie, 

Netherlands) was used to determine cell viability. The absorbance was measured at 570 nm, 

and the reference wavelength was adjusted to 690 nm. The results are presented as the 
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reduction of cell viability in percentage when compared to cells cultivated in medium without 

the extracts of tested materials. Morphology of cells from the culture plates was observed 

using an inverted Olympus phase-contrast microscope (IX 81). 

The mouse embryonic fibroblast cell line (ATCC CRL-1658 NIH/3T3, USA) was also 

used for the test of cell proliferation. Sterilization procedure and cultivation medium were the 

same as in the case of antibacterial activity. The staining with Hoechst 33258 (Invitrogen, 

USA) was used to visualize cell proliferation. Before staining, the cells were fixed and 

permeabilized using 4 % formaldehyde (Penta, Czech Republic) for 15 minutes, washed by 

PBS, and subsequently poured with 0.5 % Triton X-100 (Sigma-Aldrich, USA) for 5 minutes. 

After this time, cells were washed 3 times by PBS (Invitrogen, USA). Morphology of cells 

was observed using an inverted Olympus phase-contrast microscope (IX 81) after DNA 

staining using Hoechst. 

 

3. Results and discussion 

3.1 Swelling and contact angle measurement  

The swelling ability of PUs was evaluated in toluene and hCQDs/toluene solution 

depending on time. The concentration of hCQDs in PUs increases with swelling time until 

saturation point. The incorporation of hCQDs inside polymers was linearly observed from the 

start of the experiment. The encapsulation proceeded most rapidly in the first 4 hours and then 

slightly decreased until stabilization, i.e., after 24 hours. Finally, the amount of incorporated 

quantum dots after dipping into the toluene solution (0.4 mg/mL) was calculated as the 

difference in weight between the pure sample and treated with hCQDs. Furthermore, based on 

the weight of the PUs, the resulting percentage of hCQDs in the matrix is approximately 2.0 

wt% in both cases (for PU15 and PU25), which is maximal obtainable concentration. 
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The wettability of prepared materials was studied with contact angle measurement. 

Hydrophobicity and hydrophilicity of materials is a very important property, because of the 

adherence of bacteria. The more hydrophobic surface makes it difficult for bacteria adhesion 

and reproduction. According to our results, the contact angle of water of pure PU15 was 99.8° 

± 4.6°. After the incorporation of hCQDs, it was increased to 109.11° ± 4.7°. Negligible 

differences in wettability were observed in the case of more hydrophobic PU25. Pure PU25 

has the water contact angle 102.1° ± 1.9° and PU25/hCQDs only 104.4° ± 4.8°. However, 

since the concentration of quantum dots in such thin polymer matrices is low, both hCQDs 

modified samples of polymer sheets were hydrophobic with contact angle over 104°, and thus 

limit the ability of bacteria to colonize this polymer. 

 

3.2 Singlet oxygen production characterization  

The time-resolved measurement of singlet oxygen luminescence in NIR (1270 nm) 

showed that both PU25/hCQDs and PU15/hCQDs generated singlet oxygen upon pulse 

irradiation by Nd-YAG laser (355 nm, Fig. 1). The simple analysis based on comparison of 

the amplitudes of the single exponential fits (proportional to the initial concentration of singlet 

oxygen) indicates that PU25/hCQDs (APU25 ~ 0.95) was a more efficient producer of singlet 

oxygen in comparison with PU15/hCQDs (APU15 ~ 0.85), which corresponds with results of 

Electron paramagnetic resonance spectroscopy (EPR) measurements (Fig. S1). The lifetime of 

singlet oxygen (τΔ) was 12±2 μs for both samples similar to those in polystyrene or 

polyurethane [48]; this value is a three times higher than that for singlet oxygen in water (3.5 

μs) [49]. The difference between lifetimes shows that polymeric matrix gradually releases 

singlet oxygen for a few tens of microseconds after excitation to the environment, where 

deactivated quickly by interaction with water and/or biological targets (bacteria). 
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Figure 1. Time-resolved luminescence of singlet oxygen at 1270 nm. Samples were excited 

by Nd-YAG laser (355 nm, pulse length of ~5 ns). Red lines are single exponential fits into 

experimental data. Data are offset. 

 

3.3 Surface morphology study 

The samples of PU15 were analyzed with AFM. The morphology of pure and modified 

PU15 exhibits differences in the structure. The pure PU15 has a smoother surface with line-

like structures (Fig. 2). These structures are directly caused by the manufacturing process 

since it is a commercially available product. The RMS roughness of pure PU15 is 8.6 nm. The 

hCQDs modified samples have, on the other hand, more variable structure (Fig. 3). The 

addition of hCQDs changes the mechanical properties of the polymer matrix, and the 

hardening of the polymer film results in a different structure. The RMS roughness of hCQDs 

modified PU15 is 14.8 nm. 
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Figure 2. The AFM image of pure PU15, 10×10 µm
2
 (left), 3.3×3.3 µm

2
 (right). 

 

Figure 3. The AFM image of hCQDs modified PU15, 10×10 µm
2
 (left), 3.3×3.3 µm

2
 (right). 

 

Both modified and pure PU25 are rougher than the PU15 samples. The pure PU25 still 

shows the line-like structure (Fig. 4), similar to PU15. The overall structure shows a grain-like 

structure with grains size approximately 100 nm. The RMS roughness of pure PU25 is 

28.4 nm. The hCQDs modified PU25 have smaller grains (approximately 50 nm) in 

comparison with the pure PU25 (Fig. 5). The RMS roughness is smaller than pure PU25, with 

22.3 nm, which is caused mainly due to the smaller grain size. 
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Figure 4. The AFM image of pure PU25, 10×10 µm
2
 (left), 3.3×3.3 µm

2
 (right). 

 

Figure 5. The AFM image of hCQDs modified PU25, 10×10 µm
2
 (left), 3.3×3.3 µm

2
 (right). 

Also, we measured the deformation of the sample, using the Peak Force QNM 

scanning probe technique, which means the penetration of the tip into the measured sample at 

a constant force. The penetration depth of the AFM tip is larger for pure PU15 and PU25 

compared to the hCQDs modified PU15 and PU25. The average penetration depth of the pure 

PU15 is 2.5 nm, and hCQDs modified PU15 has an average penetration depth of 0.3 nm. In 

the case of PU25, the pure polymer has an average penetration depth of 1.4 nm, and the 

hCQDs modified 0.04 nm. The values are measured at 10×10 µm
2
 area. 
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Lower penetration depth suggests a tougher sample. It means that when incorporating the 

hCQDs into the polymer matrix, the resulting composite is tougher than the pure polymer. 

This fact can also explain the different morphology of the sample. The difference in the 

mechanical properties of the polymer can lead to different morphology because of the 

different interfacial interactions, similar to what was found to carbon nanotubes composites 

[50]. 

 

3.4 Antibacterial activity 

As mentioned above, the antibacterial activity of composites of hCQDs depends on 

many factors, such as the irradiation time, concentration of the quantum dot in the polymer 

matrix, the type of used polymer, its diffusion coefficient and surface roughness, as well as on 

the microorganism species. Since quantum dots are a special type of photosensitizer and their 

activator is blue light, they are capable of producing singlet oxygen, which is one of the most 

powerful radicals. Radicals disrupt the bacterial cell wall, which leads to their destruction. To 

induce the antibacterial activity, the samples must be irradiated by blue light to produce 

singlet oxygen. 

The antibacterial testing was performed using S. aureus as a common model organism. 

From table 1., it is clear that pure PU15 and PU25 have no antibacterial effect, even after 1-

hour irradiation with blue light. On the other hand, the modified PU15/hCQDs and 

PU25/hCQDs nanocomposites exhibit a significant antibacterial activity after irradiation and, 

thus, the quantum dots activation. The combination of the effects of hCQDs, a relatively 

smooth surface, and an increase in contact angle (increased hydrophobicity) are parameters 

that affected the antibacterial effect in both types of here investigated PUs. 
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Table 1. Antibacterial activity of pure and modified PU15 and PU25 after 1 hour of irradiation 

Samples 

Staphylococcus aureus CCM 4516 

N (cfu/cm
2
) R = Ut - At 

 

PU25 pure 

 

2.0x10
5
 

 

Ut=5.7 

PU25/hCQDs 5.0x10
2
 3.0 

PU15 pure 6.1x10
4
 Ut=4.7 

PU15/hCQDs 5.6x10
2
 2.0 

Note: N means the number of viable bacteria recovered per cm
2
 per test specimen; R = the 

antibacterial activity where Ut is the average of the common logarithm of the number of viable 

bacteria (cells/cm
2
) recovered from the untreated test specimens, and At means the average of 

the common logarithm of the number of viable bacteria (cells/cm
2
) recovered from the treated 

test specimens. 

 

3.5 Cytotoxicity  

In vitro determination of cytotoxicity is the essential requirement applied to any 

medical device. The low cytotoxicity is a prerequisite for further development of materials 

with appropriate surface and mechanical properties. 
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Figure 6. Cell viability of individual samples' extracts in various concentrations. 

 

In general, two main types of cytotoxicity determination can be used. Specifically, this 

is direct contact of cells with the material or mostly used testing of cytotoxicity of extracts. 

Since the direct contact method often results in the so-called intrinsic toxicity of materials, 

and the results are significantly affected [51]. Prepared samples were therefore tested by 

cytotoxicity testing of extracts, as defined by ISO 10993-5 and ISO 10 993-12. From the 

results presented in Fig. 6., it is clear that none of the tested PU based materials possess 

cytotoxicity. 
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3.6 Cell proliferation 

Proliferation is one of the crucial properties determining the application of materials in 

contact with living tissues. The cell proliferation is dependent on the ability of cells to adhere 

to the surface, and on their subsequent growth and division. Cell proliferation can be 

quantified and examined by a number of methods. Here, the visualization of the cell nucleus 

was used as the samples were in the form of solid films. As shown in Fig. 7., cell proliferation 

was highest on the reference (tissue culture on plastic polystyrene).  The proliferation on all 

other samples was lower compared to the reference, and the presence of debris is clearly seen. 

The inability of cells to proliferate is particularly visible in the case of hCQDs composites. In 

the case of pure PU15 and PU25, there is a lower number of cells (which moreover do not 

cover the surface homogeneously, but mainly form clusters), but in the case of hCQDs 

composites, the cells are almost not present. This fact can be correlated to either the 

cytotoxicity of material (which is low – see Fig. 6) or by the surface properties of PU based 

materials. This parameter is, however, not critical for the application of the material, as a 

variety of methods can modify the surface properties. Thus the cell proliferation can be 

modulated. 
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Figure 7. Cell proliferation of mouse embryonic fibroblast cell line NIH/3T3. The cell nuclei 

were visualized Hoechst. Magnification 100x. 
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4 Conclusion 

In this paper, we prepared a new antibacterial polymer and described its structural, 

physical, and antibacterial properties. Hydrophobic carbon quantum dots incorporated in 

polymer matrices have been able to produce singlet oxygen, after irradiation with blue light. 

The production of 
1
O2 has been evaluated with EPR and time-resolved NIR spectroscopy. 

Both PU15 and PU25 produced singlet oxygen, while the PU25 exhibited higher production 

of singlet oxygen than PU15. The polymer's chemical structure before and after irradiation 

has been tested using Fourier-transform infrared spectroscopy with minimal chemical changes 

observed due to the incorporation of hCQDs. Also, AFM measurements have provided the 

necessary information about the surface structure and roughness of the sample. The 

incorporation of hCQDs changes the roughness of PU15 and PU25 while toughening both 

samples. Antibacterial testing has been done on model bacteria S. aureus. After using hCQDs, 

the number of vital bacteria has significantly decreased. Zero cytotoxicity predestines this 

material as a suitable surface treatment for textiles, which must necessarily be antibacterial. 

PU15 is suitable for all conventional lamination processes, but preferably for foam lamination 

and PU25 can be laminated by means of dry as well as wet laminating. Compared to the 

currently used antibacterial nanoparticles (for example, silver nanoparticles) and methods, 

hCQDs-nanocomposites are cheaper, more environmentally friendly, more efficient, do not 

degrade, and not only can kill bacteria but also do not allow bacteria to develop bacterial 

resistance. 

 

Supplementary information 

Spectroscopic analyzes, such as EPR, Fourier-transform infrared, and Raman 

spectroscopy, are presented in the supplementary information. 
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 Light-triggered antibacterial nanoparticles and photodynamic therapy 

 Singlet oxygen produced by carbon quantum dots in a polymer matrix  

 Prevention in bacterial resistance using smart polymer materials 
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