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A B S T R A C T

Polyphenol-rich Norway spruce bark extract, a side-stream from the forest industry, is used to create antimi
crobial fiber materials for biomedical applications. Lyocell, viscose, and blend non-wovens are coated with the 
bark extract and commercial tannic acid (TA), which serves as a reference, using three different methods: 
impregnation, spray coating, and draw-down coating. The antimicrobial efficacy of the coated materials is 
assessed against a Gram-negative (Escherichia coli) and a Gram-positive (Staphylococcus aureus) including 
methicillin-resistant (MRSA) bacteria. Antiviral activity is tested against an enveloped coronavirus (HCoV-OC43) 
and a non-enveloped Coxsackievirus B3 (CVB3). The bark extract demonstrates strong antimicrobial activity, 
with the best results achieved on viscose and blended materials using draw-down or impregnation methods. 
Overall, draw-down coating provides the best performance regarding both antimicrobial and surface properties. 
Compared to tannic acid, the bark extract is markedly more effective against viruses, an effect attributed to its 
complex polyphenolic structure. The results indicate that Norway spruce bark extract is a promising bio-based 
agent for developing antimicrobial materials for healthcare

1. Introduction

Infections are caused when microorganisms, such as bacteria, fungi 
or viruses enter the human body and cause damage. These pathogenic 
microorganisms can spread in various ways, such as skin contact, or 
inhaling airborne droplets. Infectious diseases are globally the leading 
cause of morbidity and mortality [1]. Viruses cause epidemics on a 
yearly basis, many of them leading to hospitalizations and even deaths, 
and even pandemics like the present COVID-19. The future of diverse 
zoonotic, avian and swine influenza viruses and their circulation to 
cause pandemias is unknown [2]. Thus, the effective preventive mea
sures and biocides are needed to combat against the pathogens.

Simultaneously, industries across the board, including chemical and 
textile sectors, are undergoing a green transition. This shift emphasizes 
the adoption of eco-friendly materials and sustainable manufacturing 

processes aimed at minimizing environmental impact [3]. Traditional 
synthetic and biocidal agents, commonly used to combat microbial 
threats are increasingly being replaced by bio-based, non-toxic alter
natives. This evolution reflects a growing demand for broad-spectrum 
antimicrobial solutions that are not only effective but also safer for 
humans and ecosystems. Particularly the healthcare environments such 
as hospitals and clinics require innovative, sustainable strategies to 
manage microbial loads without compromising safety or environmental 
integrity.

Sustainable solutions for medical textiles can be developed by 
valorizing biopolymers derived from woody biomass and forestry by- 
products through green chemistry methodologies. Regenerated cellu
lose fibers, such as viscose and lyocell, are extensively employed in 
hygiene products, wound dressings, surgical garments, healthcare 
apparel (e.g., socks, masks, gowns, and caps), and biodegradable 
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implants due to their high biodegradability, biocompatibility, absor
bency, softness, and mechanical strength [4]. Although lyocell exhibits 
superior physical properties compared to viscose, such as greater tensile 
strength and enhanced thermal stability, and is produced via a more 
environmentally benign process that avoids the use of volatile carbon 
disulfide and reduces water consumption, viscose remains the dominant 
material in the production of man-made cellulosic fibers [5,6]. Never
theless, a major limitation of both viscose and lyocell is their lack of 
intrinsic antimicrobial activity, which constrains their applicability in 
medical and healthcare environments where microbial control is critical 
[4,5].

For large-scale production of antimicrobial nonwoven textiles, a 
promising strategy involves the post-functionalization of viscose and 
lyocell fibers with antimicrobial agents, particularly those derived from 
natural sources. This approach enables the integration of bioactive 
properties without altering the fiber structure or compromising the 
mechanical performance of the material [4,5,7]. Numerous tannin- and 
polyphenol-based extracts of plants and wood have been studied against 
different viruses [8]. They have shown very good results on both 
enveloped and non-enveloped viruses by interacting with the viral 
proteins [9,10]. Antiviral properties have been found, for example, in 
Terminalia arjuna Linn. bark extracts against HSV-2 [10], chestnut and 
quebracho woods extracts against avian reovirus and metapneumovirus 
[11], in Acacia arabica extracts against H9N2 [12], in Hamamelis vir
giniana bark extract against Influenza A virus and Human Papilloma
virus [13], in Salix spp. extracts against enteroviruses Coxsackievirus A9 
and B3 (CVA9, CVB3) and seasonal human coronaviruses OC43 (HCoV- 
OC43) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2) [14,15], and in Norway spruce (Picea abies (L.) Karst.) bark against 
CVA9, CVB3 and HCoV-OC43 [16,17]. According to the studies by 
Reshamwala et al. [18], the bioactive properties of these bark extracts 
and broad-spectrum antiviral activity are thus likely to be due to the 
synergistic effects of the different detected flavonoids, hydroxycinnamic 
acid derivatives, and polymeric polyphenols like proanthocyanidins and 
hydrolysable tannins. In addition to antiviral properties, based on our 
previous and ongoing research, different forestry biomass-derived 
components provide very good antibacterial properties to be used as 
such in novel functional biomaterials [15,18]. Secondly, the isolated 
naturally bioactive biopolymers, fibers, and extracts can be further 
chemically modified and used as building blocks for functionalized 
products [16,17,19]. Commercial tannic acid (TA) is a natural hydro
lysable tannin with many functional groups and potential coordination 
sites and is a good example of a safe antimicrobial finishing agent having 
a wide range of pharmacological activities [20,21]. TA have been used 
in bio composite membranes with properties against Staphylococcus 
aureus, Pseudomonas aeruginosa, and Candida tropicalis [22], and in food 
packaging biopolymer films against S. aureus and Escherichia coli [23]. 
Depending on the surface and targeted bio-based application, an anti
microbial and antiviral surface modification or coating methods, such 
as, bacterial colonization, grafting [24], biofilm formation [23,25] and 
dip [26], spray, spin and cast have commonly been used [27,28]. For 
example, Kim et al. [26] coated polypropylene HEPA filter materials 
with TA via a dipping coating method against Influenza A, whereas Liu 
et al.[25] used TA in biofilm coatings of biomedical catheters showing 
activity against E. coli and S. aureus. Hydrogen bonding is the main force 
that allows polyphenols to form adhesive ability, so the pH is a crucial 
factor affecting the interaction of tannic acid with polymers [29]. As a 
result, the surfaces modified with tannins may combat infectious virus 
colonization via releasing antimicrobial agents, photothermal/photo
dynamic therapy, and contact-killing [20].

Our latest cellulose fiber functionalization with tannin-rich Norway 
spruce bark extracts have been executed on lignocellulosic handsheets 
[17] with dipping method and their antimicrobial activity remained 
against both the tested bacteria (S. aureus, E. coli) and the CVB3 during 
immobilization. Further, we have impregnated TA, spruce bark and 
willow extracts on packaging paperboard, cellulose fiber based dry laid 

material, and foam, formed sustainable packaging material made of 
renewable wood fibers with Cobb-method after the binder chitosan was 
treated with ascorbate radicals to form covalent bonds with TA and the 
bark extracts [16,30]. In addition to chitosan, cationized poly
acrylamide (C-PAM) and styrene maleic anhydride (SMA) were used as 
binders, but the change of the binder in the process did not seem to have 
a large effect to the antiviral activity [16]. The antiviral activity of the 
cellulosic materials treated with spruce bark extracts against studied 
coxsackievirus CVB3 and human coronavirus HCoV-OC43 may depend 
more on the extract/TA dose and the purification of the extract from the 
carbohydrates. In research by Haapakoski et al. [16], the antiviral ac
tivity was shown even after short 5-min incubation, while generally 
coronaviruses and enteroviruses can remain infectious from minutes to 
several days on porous surfaces depending on virus strain and infectious 
dose [31,32]. However, the chemical interactions of the extracts with 
the cellulosic materials have not been observed, although the localiza
tion of the extracts and viruses on the materials have been studied and 
the results indicate hydrogen bonding on the extract-treated specimens 
[17].

In this study, we investigated three key aspects of functionalizing 
regenerated cellulose fibers with naturally derived antimicrobial agents. 
First, we evaluated which coating techniques most effectively promote 
the chemical binding of bioactive extracts to viscose and lyocell sub
strates. Second, we examined the antimicrobial performance of the ex
tracts on fiber surfaces following their immobilization. Third, we 
investigated how an understanding of the chemical composition of the 
extracts can elucidate both the binding mechanisms and the observed 
antimicrobial activity. This integrated approach supports the develop
ment of sustainable, biofunctional textiles for medical and healthcare 
applications. To our knowledge, this is the first time that the full process 
of extraction, coating of three non-woven textile materials with three 
methodologies, and full characterization of both surface properties as 
well as antimicrobial action against several bacterial and viral species is 
provided. Thus, the current study gives important prospects of using 
biobased surfactants in healthcare applications.

2. Materials and methods

2.1. Spruce bark material sourcing and extraction

Spruce bark for extraction was obtained from UPM Pietarsaari Mill, 
Finland in August 2022 and was transferred to Raisio for the extraction. 
Spruce bark was extracted with hot water using a 250-L reactor, which 
was filled with fresh bark (84 kg fresh, 37.8 kg oven dry). Extraction 
temperature was 90 ◦C, extraction time 60 min and after extraction 
solids and liquid were separated with the reactor filter and further using 
5 µm filter bag (Allied RBF 12–2-2SAP) yielding 123 kg of extract with 
total dissolved solids (TDS) 2.01% (65 mg/g of original dry bark).

A portion (20 L) of extract was ultrafiltrated with a spiral membrane 
(TurboClean 1812-UH004-31). Membrane material was poly
ethersulfone with 4 kDa nominal cut-off. Ultrafiltration yielded 9 kg of 
retentate (TDS 3.4%) of which 8.4 kg was dried with APV Lab-S1 spray 
dryer. Spray-drying provided 330 g of powder that was used in further 
experiments.

2.2. Chemical characterization of the bark extract

Reference commercial tannic acid (TA, Sigma-Aldrich chemistry, 
Germany) characterization was performed by HPLC-MS and published 
before by Jyske et al. [17]. Purified sorghum tannin and Neptunia tannin 
were used as controls. Condensed tannin extraction, purification, and 
characterization have been published [33,34]. Briefly, the tannin was 
extracted from ground Sorghum grain or Neptunia leaves with methanol 
containing ascorbic acid and purified by ethyl acetate extraction to 
remove small phenolics. Sephadex LH-20 chromatography was used to 
purify the high-molecular-weight fraction, and the freeze-dried powder 
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was stored at − 20 ◦C. To evaluate the condensed tannins aka proan
thocyanidins, the acid butanol method was used [35]. A 1 mg/mL so
lution of the sample extracts were made in aqueous acetone (3:7, water: 
acetone). Duplicates of 0–100 μL of the extract in 20 µL increments were 
reacted with 3 mL acid butanol (5% concentrated HCl in butanol, v/v) 
and 100 μL of iron reagent (2% ferric ammonium sulfate in 2 N aqueous 
HCl) for 50 min in a 95 ◦C water bath. Samples were then cooled, and 
absorbances determined at 550 nm against the acid butanol blank. The 
absorbance was also scanned at 500–600 nm to establish the λmax and 
peak symmetry. Proanthocyanidin content (PAC%) was calculated 
based on the Sorghum standard.

To evaluate the protein precipitable phenolics, minor modifications 
were made to a published method by Hagerman et al. [36]. The bark 
extract samples were dissolved in water to achieve 5 µg/µL solutions. 
Aliquots of each extract were mixed with a pH 5 acetate buffer to create 
300 µL samples containing 250 µg bovine serum albumin and 0–500 µg 
of plant extract. The samples were incubated at room temperature for 
30 min, centrifuged for 5 min at 13,000 rpm, and the supernatants were 
then aspirated. The remaining precipitates were redissolved in the so
dium lauryl sulfate/triethanolamine reagent, vortexed, and mixed with 
ferric ammonium sulfate solution before the absorbances were deter
mined at 510 nm.

Thiolysis was used to establish the degree of polymerization and 
monomer composition of the purified proanthocyanidins, according to a 
previously described methodology [33,37]. Briefly, the bark extracts 
were dissolved in HCl-MeOH-thiol solution (32% (v/v) HCl in methanol; 
5% (v/v) toluene-α-thiol in methanol) to achieve 5 mg/mL solutions, 
which were then incubated at 40 ◦C for 30 min. Each sample was then 
briefly cooled in a freezer before filtering with a 0.22 µm cellulose ac
etate spin-filter (Spin-X, Costar 8161, Corning Incorporated, Salt Lake 
City, UT, USA). The thiolytic degradation products were analyzed by 
HPLC using an Agilent 1100 HPLC with diode array detection and 
controlled by ChemStation Rev. A.09.03 software. A Thermofisher 
Hypersil Gold C8 (150 × 4.6 mm, 3 µm) column was used, and the 
sample injection volume was 10 µL. A gradient program with the flow 
rate of 0.5 mL/min at 27.0 ◦C employed 0.13% (v/v) trifluoroacetic acid 
(TFA) in nanopure water (A) and 0.10% (v/v) TFA in acetonitrile (B), as 
follows: 0–3 min, isocratic at 15% B; 3–8 min, increase to 20% B; 8–10 
min, increase to 30% B and hold isocratic until 28 min; 28–32 min, in
crease to 70% B; 37–40 min, decrease to 15% B, and re-equilibrate. The 
total duration of the program was 48 min. Reaction products were 
compared to well characterized tannin samples from Sorghum grain and 
from Neptunia lutea (Naumann et al., 2018). Detection was made at 220 
nm and products were identified by their retention times and spectral 
characteristics. Quantitation was based on peak areas and converted to 
moles of extender and terminal units. For each extract the chromato
gram from a control sample, that did not contain acid or thiol and was 
not heated, was used to confirm that the proanthocyanidin did not 
contain any flavan-3-ol monomer contamination, which could interfere 
with the terminal unit determination.

Poly- and oligosaccharides were determined using acid methanolysis 
[38] and methylated monosaccharides were trimethylsilylated and 
analyzed by gas chromatography equipped with flame ionization de
tector (GC-FID). Mono- and disaccharides were derivatized and 
analyzed as such by using same gas chromatography system (GC-FID). 
Details of the analysis methods and equipment are described by Raita
nen et al. [39].

2.3. Antibacterial and antiviral efficacies of the bark extract and TA

Antibacterial efficacy of the extract and TA were determined using a 
Gram-negative E. coli K12 + pcGLS11 and Gram-positive S. aureus 
RN4220 + pAT19 strains. Both strains are genetically modified with a 
lux-gene fusion, which results in a continuous luminescent light signal as 
part of the normal metabolism [40]. When the strains are exposed to 
antibacterial substances or materials, this luminescent light signal is 

decreased, and the induced reduction is dose-dependent to the anti
bacterial agent concentration. The method has been published e.g., by 
Fidelis et al. [41]. Shortly, the bacterial strains were stored in 80% 
glycerol at − 80 ◦C and precultivated in lysogeny agar plates (tryptone 
10 g/L; yeast extract 5 g/L; NaCl 10 g/L; and agar 15 g/L) for approx
imately 16 h at 30 ◦C (E. coli) and 37 ◦C (S. aureus). To ensure the se
lection pressure and optimal growth conditions, the E. coli plates were 
supplemented with 10% (v/v) sterile filtered phosphate buffer (PB) (1 
M, pH 7.0) and 100 µg/mL of ampicillin and S. aureus plates with 5 µg/ 
mL erythromycin. Stock solutions were initiated by inoculating a single 
colony of bacteria in lysogeny broth with the above-mentioned supple
ments and then cultivated for approximately 16 h at 300 rpm shaking at 
30 ◦C (E. coli) and 37 ◦C (S. aureus). The 1% (w/v) samples were diluted 
with water to obtain six concentrations between 0.016–0.5 vol-% (cor
responding to 0.16–5 mg/mL) per microplate well and pipetted in 
triplicates with positive (8.75 and 17.5 vol-% ethanol) and negative 
(double-distilled water) controls into opaque white polystyrene micro
plates. The same volume of bacterial inoculation was added into each 
well and the luminescence measurement was initiated immediately. The 
luminescent light signal production was measured using a Varioskan 
Flash Multilabel device (Thermo Fischer Scientific, Thermo Electron 
Co., Waltham, MA, USA) once every 5 min for 60 min at room tem
perature with a brief shake before every measurement. Results are 
expressed as inhibition percentages (inhibition%) after 50 min of incu
bation to ensure signal has stabilized [42]. Inhibition percentages are 
calculated as follows, inhibition% = (1- RLUsample/RLUneg_control) ×
100%, where RLU states for the relative light units obtained from the 
microplate reader.

The antimicrobial activity of the extracts against methicillin- 
resistant S. aureus (MRSA) VTT E-183582 was investigated by prepar
ing a two-fold dilution series of the extract in sterile double-distilled 
water. The inoculum of MRSA was grown overnight in Muller Hinton 
Broth at 37 ◦C in shaking and diluted 1:100 for the test resulting in a 
level of approximately 107 CFU/mL. Each dilution of the extract was 
inoculated with an equal volume of bacterial suspension and incubated 
at 37 ◦C for 20 h. The tests were conducted in microwell plates with a 
volume of 0.2 mL per well and three parallel wells per sample. To pre
vent drying during the exposure time, the plates were placed in a plastic 
box with water at the bottom. After the exposure period, the survival of 
the microbes was assessed by culturing each dilution on Plate Count 
agar, followed by incubation at 37 ◦C for 24 h. Post-incubation, the 
growth in each dilution was expressed as colony-forming units (CFU) per 
mL of the sample.

The antiviral efficacy of TA and bark extract against coxsackievirus 
A9 (CVA9 ATCC, VR-1311) and seasonal human coronavirus OC43 
(HCoV-OC43, ATCC, VR-1558) was determined using the cytopathic 
effect (CPE) inhibition assay, modified from a study by Schmidtke et al. 
[43]. For the antiviral tests, MRC-5 cells (ATCC, CCL-171; 1.5 × 104 

cells/well) or A549 cells (ATCC, CCL-185; 1.2 × 104 cells/well) were 
plated into 96-well plates in Eagle’s Minimum Essential Medium (MEM) 
or Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, UK) (Gibco, UK) 
supplemented with 10% (v/v) Fetal Bovine Serum (FBS, Gibco, UK), 1% 
(v/v) L-GlutaMAX (Gibco, UK) and 1% antibiotics (v/v) (penicillin/ 
streptomycin). Cells were then incubated for 24 h in 5% CO2 and 37 ◦C.

The following day, each of the viruses (1.3 × 106 PFU/mL for CVA9 
and 1.5 × 105 PFU/mL for HCoV-OC43) were pre-incubated with the 
samples for 1 h at 37 ◦C (CVA9) or 34 ◦C (HCoV-OC43). The 
virus–sample mixture was further diluted with culturing media to obtain 
a final MOI of 0.1 for CVA9 and 0.01 for HCoV-OC43 and added to cells. 
Infection was carried out for 48 h with CVA9 on A549 cells and 5 days 
with HCoV-OC43 on MRC-5 cells (37 ◦C or 34 ◦C, 5% CO2) until CPE was 
observed by using light microscope. Non-treated virus was used as a 
positive control and a cell control without any virus or samples as a 
negative control for the experiments. CPE staining and absorbance 
measurement were performed as described earlier [16].
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2.4. Formulation of antimicrobial non-wovens with different coating 
methods

The white plain non-woven materials produced by Suominen Cor
poration (Helsinki, Finland) included 100% viscose (BIOLACE®, basis 
weight 45 g/m2, thickness 0.50 mm), 100% lyocell (BIOLACE®, basis 
weight 50 g/m2, thickness 0.55 mm) and blend trial material (lyocell/ 
viscose/hydrophobic viscose, basis weight 90 g/m2).

For the impregnation, the TA and bark extract solutions were pre
pared as follows. In the TA water solutions preparation, TA powder was 
poured into water and subsequently placed in an ultrasonic water bath 
for 1.5 h. In this work, the TA solution was prepared in three concen
trations, 1% (pH 3.44), 5% (pH 3.04), and 10% (pH 2.80) (w/v). In the 
preparation of the bark extract solutions, the pH was adjusted using a 
0.5 M sodium hydroxide (NaOH) solution until the tannins were 
completely dissolved (1% bark extract pH 8.55, 5% pH 8.70, 10% pH 
8.95). Each extract was formulated to three concentrations (1%, 5%, and 
10%). Pieces of viscose non-woven (4 cm × 4 cm) were placed in a 65 ◦C 
vacuum oven to remove any moisture absorbed during storage; after 
drying, the weight was recorded. Three concentrations (1%, 5%, 10%) of 
TA or bark extract solution were poured into three identical Petri dishes 
(10 cm diameter) with 20 g of each solution. The viscose sheets were 
placed in the Petri dishes to perform the impregnation process for 30 
min, the entire process at room temperature. Then, the viscose sheets 
were removed by tweezers, laid between four blotting papers (the top 
and bottom of each of the two), and squeezed twice with a heavy brass 
rod. Afterwards, the viscose sheets were placed back in a 65 ◦C vacuum 
oven to dry overnight. Lyocell and blend (T7293) non-woven were 
prepared with the same conditions. Three parallel groups were prepared 
for each test sheet.

For spray-coating experiments, the pieces of viscose non-woven (21 
cm × 29.7 cm) were placed in a 25 ◦C oven overnight to remove any 
moisture absorbed during storage. After drying, the weights of the non- 
woven pieces were recorded. Corresponding to the quantity of 
condensed tannins in spruce bark extract solutions in previous work 
[17], 2 mL of 5% (w/v) bark extract and 1% (w/v) TA water solutions 
were sprayed per 1 g of each non-woven material from circa 5 cm dis
tance by using an airbrush (atomizer diameter 0.3 mm, working pres
sure 2.2 bar, Art. 17–372, Biltema, Sweden) attached to the mini 
compressor (MC90, 90 W, max. pressure 4 bar, air flow 23 L/min, Art 
17–370, Biltema, Sweden). After the spray coating, the samples were 
dried in an oven at 25 ◦C in the dark overnight, after which the coated 
non-woven pieces were weighed. To compare the properties of un
washed and washed coated non-wovens, half of each coated non-woven 
sample was washed in 200 mL H2O for 2 h and further dried in an oven 
at 25 ◦C overnight, while the other half was analyzed as such.

Draw-down coating dispersion was prepared with carboxymethyl 
cellulose (CMC, FINNFIX 4000G) as a rheology modifier. The CMC 
dispersion (1.5% w/v) was prepared by stirring (Heidolph RZR 2020, 
650 rpm) in a 60–70 ◦C water bath. TA was dissolved in water with the 
assistance of an ultrasonic bath. The high concentration of TA and CMC 
were mixed, water was used to dilute the dispersion and to adjust the 
concentration (final TA concentrations are set at 1%, 3% and 6% w/v) 
and stirred overnight at room temperature using a magnetic stirrer. The 
bark extract − CMC solution was prepared slightly differently. During 
the dissolution of bark extract, the pH was adjusted using a 0.5 M NaOH 
solution to ensure complete dissolution of the tannins, the rest of the 
conditions remain consistent. The final spruce bark extract concentra
tions were 1%, 3% and 6% w/v. Pieces of viscose non-woven substrate 
(10 cm × 20 cm) were placed in a 65 ◦C vacuum oven to eliminate the 
moisture and then transferred to the K Control Coater-101 (RK Print 
Coat Instruments, 24 µm rod, 2.17 cm/s), 5 mL of CMC-TA or CMC-bark 
extract mixture was added to the substrate using a syringe. After coating, 
the viscose substrate was dried under an infra-red lamp. Finally, the 
dried substrate was cut using a cutter, and the sample in the middle 
section was taken. Lyocell and blend (T7293) non-woven were prepared 

with the same conditions. Three parallel samples were prepared for each 
test sheet.

2.5. Antibacterial and antiviral efficacies of coated non-wovens

Same bacterial strains were used as in section 2.3 and the method has 
been described by Jyske et al.[17] In brief, 7 mL of bacterial inocula 
grown overnight was added for every 100 mL of soft agar (LA but with 
7.5 g/L (50%) agar content) supplemented with 10% (v/v) sterile 
filtered phosphate buffer (PB) (1 M, pH 7.0) and 100 µg/mL of ampicillin 
(E. coli) and with 5 µg/mL erythromycin (S. aureus) at approximately 
50 ◦C. The soft agar with bacteria was mixed gently and rapidly poured 
over 6-well plates containing triplicates of approximately 1 × 1 cm 
pieces of the sample non-wovens on a thin layer of LA before the soft 
agar starts to solidify. The plates were then inoculated at 30 ◦C (E. coli) 
or 37 ◦C (S. aureus) for overnight (approximately 16 h) and finally 
scanned using SPECTRAL Lago X in vivo imaging system (Spectral In
struments Imaging, AZ, United States) with luminescence and image 
overlay mode. Exposure time one second and small to medium binning 
(2 × –4 × ) were used, field of view (FOV) 25 × 25 cm (for 3 6-well plates 
at once), and object height at 1.5 cm. Data was then handled using Aura 
Spectral Instruments Imaging Software version 3.2. Circular whole well 
regions of interest (ROIs) were used, and the results are obtained in 
Photons/s/cm2/sr (sr = steradian, unit of solid angle). To change the 
results into more comparable units between bacterial inoculations, the 
sample result averages from the three plate replicates were divided with 
control plate (containing only bacterial inoculation soft agar and no 
sample) ones to obtain units of impact factor (IF) and expressed in in
hibition percentages (inhibition%) [42]. The error bars represent the 
coefficient of variation between the sample sheets on three plate 
replicates.

To assess the antibacterial activity of the tested materials against 
methicillin-resistant S. aureus (MRSA) strain VTT E-183582, the exper
iment was conducted following the standard ISO 22196:2011 protocol 
for bacteria with certain modifications. Materials were prepared by 
cutting them into 1 cm × 1 cm pieces, which were then placed on a 24- 
well plate. Each sample was tested three times in separate experiments, 
with the antimicrobial activity of each sample calculated against its 
respective control for that experiment. An overnight liquid cultivation of 
MRSA of was diluted 1:100 in 1:500 nutrient broth containing 0.1% 
bovine serum albumin resulting in a microbial inoculum level of 107 

CFU/mL. A 10 µL aliquot of the bacterial suspension was pipetted onto 
the center of each test sample, which was then covered with a round 
cover glass. The samples were incubated at 37 ◦C for 24 h in > 90% 
humidity, achieved by placing the samples in a plastic box with water at 
the bottom and adding water to one of the wells in the plate. Following 
incubation, 1 mL of phosphate-buffered saline (PBS) was pipetted into 
the well over the test sample. The well plate was gently vortexed for 1 
min and spread on Plate count agar (PCA).

The antiviral activity measurements were based on ISO standard ISO 
18184 (Textiles − determination of antiviral activity of textile prod
ucts). Viral infectivity on functionalized materials was determined 
similarly based on CPE as described previously. An aliquot of 10 µL of 
seasonal human coronavirus HCoV-OC43 (5.5 × 106 PFU/mL) or 20 µL 
CVA9 (6.7 × 108 PFU/mL) was applied on top of 1 cm2 material pieces 
for 1 h inside a 12-well plate at 37 ◦C and RH 90%. Following the in
cubation period, 1 mL of culture medium (MEM supplemented with 2% 
FBS and 1% GlutaMAX or DMEM supplemented with 1% FBS and 1% 
GlutaMAX) was added and sample was flushed by gentle rocking for 1 
min to detach the virus. Collected media was diluted by a factor of 100 in 
culture medium and diluted samples were added onto cells. Virus con
trol was added as a positive control by diluting the same amount of virus 
into cell culture medium that was applied on top of materials. MOIs for 
the virus control samples were 0.004 for HCoV-OC43 and 0.75 for CVA9. 
MRC-5 cells were incubated for 5 days at 34 ◦C, while A549 cells were 
incubated for 48 h at 37 ◦C until a CPE was observed. The cytotoxic 
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effects on cells were evaluated to confirm that the results of antiviral 
assays were not attributable to any cytotoxic effects on the cells. Mate
rial pieces were flushed with 1 mL of culture medium that was diluted by 
a factor 100 in culture medium and finally added to MRC-5 cells for 5 
days and 2 days for A549 cells. In addition, the general cytotoxicity of 
the tested materials was also assessed. The materials were flushed with 
1 mL of culture medium, and the resulting eluates were applied to MRC- 
5 cells either undiluted or after serial dilution (1:10 and 1:100) in cul
ture medium. The cells were then incubated for 24 h at 34 ◦C.

2.6. Surface analyses of coated non-wovens

To study the surface interactions and chemical composition formed 
between the extract and substrate the SEM imaging, XPS and FTIR-ATR 
studies were focused on the lyocell, viscose and blend non-wovens 
impregnated and sprayed with 5% (w/v) bark extract, and draw-down 
coated with 3% (w/v) bark extract mixed with 1.5% CMC (w/v).

Field-Emission Scanning Electron Microscope (SEM, Thermo Scien
tific Apreo S) was used to examine the topography and structure of 
coated surfaces. It is assembled with EDS, CL and STEM capabilities and 
equipped the Schottky FEG electron source. The acceleration voltage is 
from 0.2 kV to 20 kV, and beam current between 1 pA and 400nA. Beam 
deceleration is stage-biased from − 4 kV to + 600 V for landing energies 
down to 20 V.

Olympus DSX1000 Digital Microscope (Olympus Cosporation, 
Japan) was used to assess the spreading and penetration of coating into 
the non-woven fabrics. Observation method used was dark-field and 
total magnification 140×.

To study the success of the coating procedures, the starting materials 
and the coated non-woven samples were analyzed by FTIR with the 
single reflection ATR technique (attenuated total reflectance, ZnSe 
crystal plate). For the impregnated and spray-coated samples ATR an
alyses were executed using a Shimadzu IR Prestige-21 spectrometer 
(Ordior Oy, Helsinki, Finland) equipped with a DLATGS detector and 
Shimadzu IRsolution 1.40 2007 software. Spectra were acquired in 
absorbance mode using 60 scans at a resolution of 4 cm− 1 in the range of 
4,000–400 cm− 1. For the draw-down-coated samples ATR analyses were 
executed using a Thermo Fisher Nicole iS50 spectrometer equipped with 
a Diamond DLaTGS detector and OMNIC software. Spectra were ac
quired in absorbance mode using 64 scans at a resolution of 4 cm− 1 in 
the range of 4,000–400 cm− 1. All samples were randomly sampled and 
analyzed with three parallel measurements for repeatability and 
consistent analysis.

Thermo Scientific Nexsa X-ray Photoelectron Spectroscopy (XPS) 
was used to analyze the elemental composition of the surface of non- 
woven samples, the chemical states of the elements, and the electronic 
structure of the compounds. It is equipped with Monochromated Al (Ka) 
x-ray source, ion scattering spectroscopy (ISS), UV photoelectron spec
troscopy (UPS), and reflected electron energy loss spectroscopy 
(REELS). Spectra were collected in survey and high-resolution spectra, 
covering the binding energy range with pass energies of 1 eV and 0.1 eV, 
respectively.

2.7. Statistical analysis

Principal component analysis (PCA) was performed to explore the 
relationships between the different samples based on their measured 
bioactivity profiles. The analysis was conducted in R-Studio (RStudio 
2025.05.1 + 513 “Mariposa Orchid”) with R (version 4.5.1) using Fac
toMineR and factoextra packages [44,45]. Prior to analysis, raw data 
was imported and column names standardized. Before performing PCA, 
the active variables were centered and scaled to unit variance to ensure 
equal contribution to the analysis. The results were visualized using 
scores plots to show the distribution of samples and a biplot to show the 
relationship between the samples and the original variables.

3. Results and Discussion

3.1. Spruce bark extract and tannic acid compositions and their 
antimicrobial properties

Spruce bark (Fig. S1a, Supplementary Materials) was extracted with 
hot water using a 250-L reactor and the extract was ultra-filtrated and 
spray-dried to yield tannin-rich bioactive extract (Fig. S1b, Supple
mentary Materials). Conifer bark extracts are known to be rich in both 
simple polyphenols and tannins with beneficial antimicrobial proper
ties. For qualitative and quantitative characterization of the condensed 
tannins in the extract, several methods were used. The ultra-filtrated 
bark extract comprised 15.7% of condensed tannins and the test for 
protein precipitable phenolics confirmed that the bark extract was 
largely non-phenolic material, while thiolysis indicated a mean degree 
of polymerization of only 5.9 (Fig. S1c, Supplementary Materials). 
Longer chain length, for example the 16-mer condensed tannin in Sor
ghum, generally allows more contacts and cross linking between the 
tannin and protein resulting into higher precipitation [46]. The 
composition of commercially available tannic acid (TA) used in this 
study has been analyzed previously and it is a mixture of polyphenols 
[17]. Tannic acid does not contain condensed tannins, but it is consid
ered being a hydrolysable tannin (Fig. S1c, Supplementary Materials). 
However, a small amount of carbohydrates was observed in the TA.

Escherichia coli is the most common Gram-negative bacterium 
causing both clinical and epidemiological challenges, and Staphylo
coccus aureus is the predominant Gram-positive species causing hospital 
acquired infections [47]. In this study, the spruce bark extract showed 
higher activities against S. aureus and E. coli with biosensor testing 
method compared to the tannic acid (TA), whereas higher activity of TA 
was observed against the methicillin-resistant S. aureus (MRSA) with 
Plate Count Agar method (Figs. S1d-f, Supplementary Materials). The 
three highest concentrations of the bark extract, 1.5–5 mg/mL, delivered 
over 90% activity against bacterial biosensor testing strains, thus indi
cating a significant efficacy. The present results are aligned with pre
vious publications with purified tannin-rich bark extract and tannic acid 
[17]. A concentration of 5.0 mg/mL demonstrated significant inhibition 
of MRSA while the highest concentrations of TA completely inhibited 
bacterial growth. However, the lowest concentrations (0.16–0.63 mg/ 
mL) did not exhibit a dose-dependent response, indicating that un
identified mechanisms, such as cell aggregation, may have influenced 
the bacterial colony formation.

CVA9 belongs to nonenveloped enteroviruses (Fig. S1h, Supple
mentary Materials) that are known to cause a wide range of illnesses, 
from mild flu-like symptoms to severe secondary site infections [48]. 
Although enveloped seasonal coronaviruses such as HCoV-OC43 
(Fig. S1i, Supplementary Materials) typically lead to mild, self-limiting 
respiratory infections, they can cause more severe disease in immuno
compromised individuals, neonates, and the elderly [49]. Transmission 
electron microscopy images of CVA9 and HCoV-OC43 are shown in 
Fig. S1g (Supplementary Materials). The antiviral studies on bark extract 
and TA were conducted using the cytopathic effect (CPE) inhibition 
assay, where the samples were incubated in different concentrations 
with CVA9 (1.3 × 106 PFU/mL) and HCoV-OC43 (1.5 × 105 PFU/mL) 
for 1 h at 37 ◦C or 34 ◦C. None of the tested concentrations caused 
significant cytotoxic effect on cell lines utilized (Fig. S2, Supplementary 
Materials). Both TA and bark extract rescued the A549 cells from cox
sackievirus CVA9 infection in a dose-dependent fashion. CVA9 infec
tivity was fully inhibited with TA concentration of 25 µg/mL (Fig. S1h, 
Supplementary Materials). Previously, it was established by us that TA 
was efficient against CVB3 and SARS-CoV-2 [16]. TA has been suggested 
to be effective against a range of viruses [50]. Studies have demon
strated that TA interferes with interactions between cellular receptors 
and some viruses such as influenza A and noroviruses [13,51].

Efficient inhibition of CVA9 with bark extract was observed with 
concentrations above 50 µg/mL (Fig. S1h, Supplementary Materials). In 
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our previous study industrial spruce (P. abies (L.) Karts.) bark extract 
fully inhibited CVB3 with 20 µg/ml concentration [17]. Somewhat 
higher concentrations of both samples were required to gain efficacy 
against human coronavirus HCoV-OC43 (Fig. S1i, Supplementary Ma
terials). Nearly full inhibition of the coronavirus was attained with the 
TA concentration of 250 µg/mL, whereas bark extract at a concentration 
of 250 µg/mL showed only partial inhibition of the virus (Fig. S1i, 
Supplementary Materials).

3.2. Formulation of antimicrobial non-wovens with different coating 
methods

The impregnation, spray and draw-down coating methods were used 
to shield 100% viscose (VIS), 100% lyocell (LYO) and blend (lyocell/ 
viscose/hydrophobic viscose) non-wovens with bark extract and TA 
against the microbes. The substrates are characterized by high porosity, 
heterogeneous surface topography, and mechanical compressibility, 
which impose inherent challenges for conventional coating thickness 
and penetration depth analysis. During coating application, the liquid 
formulation can readily infiltrate the interconnected pore structure and 
propagate along the fibrous network, rather than forming a uniform, 
planar surface layer. In addition, the compliant nature of nonwoven 
substrates may lead to deformation during sample preparation, 

sectioning, and imaging. Given these constraints and acknowledging 
that tannin add-on is a key parameter governing antimicrobial perfor
mance, coating deposition was quantified through a design‑oriented 
comparative approach. Specifically, tannin add-on was evaluated by 
systematically comparing different coating routes (impregnation, spray 
coating, and draw‑down coating) and by varying the coating solution 
concentration. According to the results, the draw-down coating and 
spray coating methods produced the highest tannin add-on values, 20.5 
± 0.23% and 20.0 ± 1.50%, on lyocell with 6% and 5% bark extract 
respectively. In addition, the draw-down coating on lyocell produced the 
highest tannin add-on, 32.4 ± 2.56%, with draw-down-coated 6% TA 
(Table S1, Supplementary Materials). It is evident that the different 
coating methods and material combinations showed variation in the 
antimicrobial efficacies, and according to our previous results [17] and 
these results, the antimicrobial activities may not be dose-depended.

The possible in vitro cytotoxic effect of used non-woven materials was 
also tested by flushing samples with 1 mL of culture medium and adding 
the diluted medium for the cells. It is important to evaluate the possible 
cytotoxic effect of flushed media on cells, as any observed toxicity could 
mask the detection of antiviral effects in the assay. Evaluation of the 
general cytotoxic effects of the materials on MRC-5 cells revealed that 
some materials, especially functionalized with tannic acid caused a 
decrease in cell viability when the undiluted flushing medium was 

Fig. 1. Impregnation with tannic acid (TA) and spruce bark extract (BARK) of viscose (VIS), lyocell (LYO) and blended (BLEND) non-woven materials was performed 
in Petri dishes (a). The antibacterial activity of impregnated materials in inhibition% against bioluminescent indicator strains Escherichia coli K12 + pcGLS11 (b), and 
Staphylococcus aureus RN4220 + pAT19 (c), as well as inhibition against methicillin-resistant S. aureus (MRSA) as CFU reduction per cm2 (d). Spray-coating was 
performed with a spray gun (e) and antibacterial activity against E. coli (f), S. aureus (g) and MRSA (h) was tested with identical methodologies and strains for all 
materials. Draw-down coating protocol (i) and antibacterial activity against E. coli (j), S. aureus (k) and MRSA (l) are shown in the bottom row with green bars. 
Results represent the mean of three independent replicates ± standard deviation. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

S. Kunnas et al.                                                                                                                                                                                                                                 Materials & Design 265 (2026) 115895 

6 



applied on cells for 24 h (Fig. S3, Supplementary Materials). However, 
no cytotoxic effects were observed when the flushing medium was 
diluted 1:10 or 1:100 or when spray-coated materials had been washed 
but still retained their antiviral activity at rather a similar efficacy (Fig. 2
E, F, Fig. S3, Supplementary Materials).

The impregnated (Fig. 1 a) VIS, LYO, and BLEND non-wovens with 
TA showed with the biosensor method, that the highest inhibition 
against E. coli was obtained with TA 10% functionalization of blend non- 
wovens (Fig. 1b). In our previous study [17], we found that hand-sheets 

dipped into tannic acid induce an inhibition zone and highly increased 
light production at the zone border of the Gram-positive S. aureus, thus 
interfering with the monitored luminescent production decrease. For 
this reason, tannic acid coated samples were mostly tested only with the 
Gram-negative biosensor strain to ensure that the obtained results are 
not masked by this phenomenon, which is likely caused by the ability of 
the survived bacterial cells using the killed ones as a source of nutrition. 
BLEND non-woven functionalized with bark extract was the most effi
cient against S. aureus (Fig. 1c) whereas LYO functionalized with bark 

Fig. 2. Antiviral potency of tannic acid (TA) or spruce bark extracts (BARK) (a-c) impregnated, (d-f) spray-coated and draw-down coated (g-i) non-wovens was 
determined against CVA9 (b,e,f) and HCoV-OC43 (c,f,i). 20 μL of CVA9 (6.7 × 108 PFU/mL) or 10 μL of HCoV-OC43 (5.5 × 106 PFU/mL) was applied on non-wovens 
and incubated for 1 h at 37 ◦C. CPE assay was conducted to determine the viral infectivity following the treatments. Virus on materials and virus control are 
normalized against cell control without any infection. Results are presented as average values of three biological (different experiments) and three technical rep
licates of each sample ± standard error of the mean (SEM). On the left scanning electron microscopy images of cellulosic fibers, viscose (A, D, G), lyocell (B, E, H) and 
blend (C, F, I) are shown after spruce bark impregnation (a), spray-coating (d), and draw-down-coating (g).
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extract showed the highest efficacy against E. coli (Fig. 1b). The anti
microbial activity against MRSA increased with higher TA levels of 5% 
and 10%, compared to 1% (Fig. 1d). The type of base material did not 
influence this effectiveness apart from 1% on BLEND, where the anti
microbial activity was 0.9 and 1.0 log10 CFU/cm2 higher than on LYO 
and VIS, respectively. However, minor antimicrobial activity against 
MRSA was observed when using bark extract for impregnation on any of 
these materials.

The antiviral activity was first studied on reference non-wovens 
without any additional coating treatment. CVA9 was incubated on the 
materials for 1 h at 37 ◦C. Virus was then flushed with culture medium 
and diluted medium was added for cells for 48-h incubation at 37 ◦C. No 
evident decrease in CVA9 infectivity was detected on any of the refer
ence non-woven materials (Fig. 2b). Next, viral infectivity was studied 
on non-wovens functionalized with bark extract and TA using impreg
nation method. CVA9 infectivity was strongly reduced on LYO and 
BLEND with different bark extract concentrations. Also, bark treatment 
on VIS was efficient excluding the lowest 1% concentration (Fig. 2b). 
Furthermore, TA containing samples showed significant antiviral effi
cacy against the enterovirus on all 3 materials with no clear dose 
response (Fig. 2b). Altogether, the bark extract containing samples 
functionalized using impregnation demonstrated stronger efficacy 
compared to TA treatment. In our previous study, hand sheets enriched 
with spruce bark extract by dipping method also demonstrated superior 
antiviral efficacy at lower extracts concentrations compared to TA [17].

The viral infectivity of enveloped HCoV-OC43 was investigated also 
on reference materials. In most of the experiments the virus was infec
tive on reference materials (Fig. 2c). The reference samples were 
included in all experiments with different coatings and samples to be 
able to compare the results to the untreated material. The impregnation 
functionalized samples were studied next against the seasonal corona
virus. The BLEND and VIS materials containing bark extract showed 
great efficacy against the coronavirus. The efficacy was greatest with 
bark extract concentrations of 5% and 10% for BLEND and with all 
tested three concentrations for VIS (Fig. 2b). LYO impregnated with bark 
extract showed no significant efficacy against HCoV-OC43. When TA 
was used instead of bark extract, the greatest efficacy against HCoV- 
OC43 was observed on all 3 materials with lowest (1%) TA 
concentration.

Antimicrobial efficacy was also investigated on non-wovens func
tionalized using spray coating method (Fig. 1e). Using the bacterial 
biosensor method, it seemed that LYO spray-coated with both TA and 
bark extract showed the highest antibacterial efficacy against both E. coli 
and S. aureus (Fig. 1f-g). Unlike with impregnated non-wovens, the 
spray-coated BLEND material did not obtain efficacy with the bark 
extract. With VIS material, the activity was witnessed, while it was lower 
than with LYO. Spray-coating demonstrated only low antimicrobial ef
ficacy against MRSA, as well (Fig. 1h). VIS and BLEND coated with 1% 
TA were the most effective samples, with only about 1.6 log10 CFU/cm2 

and 1.3 log10 CFU/cm2 reduction when compared to the untreated 
control. Washing slightly reduced the effectiveness of the samples; 
however, no significant difference could be calculated between the 
samples.

A strong reduction in CVA9 infectivity was observed on all three 
materials spray-coated with TA or bark extract (Fig. 2e). The antiviral 
effect against the enterovirus was excellent even after washing the 
functionalized samples, thus indicating good durability of the coating. 
Infectivity of HCoV-OC43 was already notably reduced especially on the 
reference VIS and BLEND, which made it challenging to clearly assess 
the added antiviral efficacy of the TA and bark extract spray coating, 
particularly on VIS (Fig. 2f). However, while HCoV-OC43 remained in
fectious on the LYO reference material, its infectivity was entirely sup
pressed on the spray-coated lyocell samples. Notably, the antiviral 
efficacy of these spray-coated materials persisted even after washing.

Finally, the efficacy of draw-down coated samples (Fig. 1i) was 
studied against the bacteria and viruses. With the biosensor method, the 

BLEND material functionalized with bark extracts was the most efficient 
against both bacterial strains, and the effect was dose-dependent 
(Fig. 1j-k). However, bark extracts did not seem to work as well with 
LYO or VIS materials. TA was highly efficient against E. coli in all the 
materials and even the lowest concentration of 1% exhibited over 60% 
inhibition with the LYO material (Fig. 1j). The draw-down coating of TA 
demonstrated antimicrobial activity against MRSA on all three mate
rials, with the highest activity and dose dependency observed on viscose 
and blend (Fig. 1l). In contrast, bark extract was less effective, achieving 
at best less than 1.0 log10 CFU/cm2 reduction in 6% VIS and 1–6% 
BLEND samples.

A full inhibition of CVA9 infectivity was achieved on all the draw- 
down coated materials with different bark extract and TA concentra
tions after 1 h incubation at 37 ◦C (Fig. 2h). Thus, the efficacy of draw- 
down coating was generally better when compared to impregnation 
method. Next, the infectivity of HCoV-OC43 was studied on draw-down 
coated materials. Bark extract coating specifically on viscose and blend 
material showed great efficacy against the coronavirus (Fig. 2i). TA 
draw-down coated materials possessed moderate antiviral efficacy 
against HCoV-OC43 with no dose–response. Overall, TA functionaliza
tion has shown strong antiviral effects against both enteroviruses and 
coronaviruses on cellulose-based materials in our recent studies (Haa
pakoski et al., 2023; Jyske et al., 2023). Notably, in the present study, 
functionalization with bark extract generally resulted even higher 
antiviral efficacy than TA against the tested viruses. In one of our pre
vious works no significant antiviral activity against CVB3 was detected 
from bark extract functionalized cellulose during a brief 5-minute in
cubation [16]. This may be attributed to differences in the functionali
zation method, extract processing, or the insufficient contact time in that 
earlier study.

Principal component analysis of antimicrobial activities clearly 
indicated that activity is related to addition of bark extract and tannic 
acid (Fig. 3). Reference materials formed a separate group on the left 
side of the figure. Bark extract and tannic acid groups were slightly 
overlapping indicating similarity of the antimicrobial activities. When 
treatments and materials are evaluated (Fig. S4, Supplementary Mate
rials) groups of different material and treatments are overlapping. These 
results indicate that either materials or treatments without addition of 
bioactive compounds will not have effect on antimicrobial activity.

3.3. Chemical interactions between the substrates and antimicrobial 
coating

Table S2 (Supplementary Materials) summarizes the key character
istics of the nonwoven substrates examined in this study. With respect to 
surface characteristics, the substrates are expected to behave similarly in 
terms of coating spreadability and film formation. No differences were 
observed in porosity or structural openness, which is essential for 
excluding air‑permeability‑related effects in the antibacterial and anti
viral assessments. Among the three parameters, thickness exhibited the 
clearest variation. The greater thickness of the blend substrate likely 
reflects a higher fiber content and consequently a larger overall mass or 
a denser fiber network, despite the identical air‑permeability values. 
This structural difference may influence, for example, the extent to 
which the coating penetrates into the material. SEM images of non- 
woven surfaces and cellulosic fibers after different spruce bark extract 
coating processes are presented in Fig. 2 a, d and g. Impregnation and 
spray coating methods included only the extract treatment for non- 
woven, while the draw-down coating was executed with the disper
sion mixture of bark extract and CMC. All images (Fig. 2 a, d, g) show the 
aggregation of bark extract and its attachment on cellulosic fibers. 
Especially, non-woven impregnation & drying process allow excess of 
the extract to gradually penetrate downwards and deposit on the bottom 
under the influence of gravity, while during the spray and draw-down 
coating methods the amount of the extract is controlled. As seen in 
Fig. 2g showing the draw-down coated nonwovens, CMC film is formed 
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between the fibers to hold them together while extract aggregates on 
fibers. These results and microscopic images (Fig. S5, Supplementary 
Materials) indicate that draw‑down and spray coating predominantly 
lead to surface‑localized extract, which is directly accessible for mi
crobial interaction and correlates with stronger antibacterial and anti
viral activity. In contrast, impregnation allows deeper absorption of the 
extract into the fiber matrix, resulting in reduced effective surface 
availability despite comparable total uptake. Improved film formation 
and surface leveling increase the density and uniformity of functional 
groups on the coating surface, which in turn enhances the immediate 
antibacterial and antiviral performance. Moreover, reduced entrapment 
of active compounds within the fiber network allows a greater propor
tion of phenolic moieties to remain exposed at the surface during short 
contact times, thereby contributing to the observed rapid bioactivity.

In addition to this, the spray-coated nonwovens were washed with 
water after coating, and the SEM images of the washed non-wovens 
(Fig. S6, Supplementary Materials) indicate that in addition to the 
physical crosslinking such as hydrogen bonding between the tannins and 
fibres, tannins may be attached to the fibres also by chemical cross
linking such as covalent bonding.

To further confirm the deposition of bark extract on the non-wovens, 
FTIR-ATR and XPS analyses were performed. The cellulosic fibers of VIS, 
LYO and BLEND non-woven substrates have the same characteristic 
fingerprints (Figs. S7-9, Supplementary Materials). The non-wovens 
with or without the coatings showed a C-H stretching vibration of hy
drocarbons (ν = 2891 cm− 1) and several characteristic peaks of cellulose 
due to the bending vibrations of the CH3, CH2, OH (δas = 1437 cm− 1, δs 
= 1397 cm− 1, δs = 1364 cm− 1, respectively) and stretching vibrations of 
C-O bonds of polysaccharides (ν = 1314 cm− 1, ν = 1017 cm− 1, ν = 895 
cm− 1). With original untreated non-wovens the characteristic broad 
stretching vibration of hydroxyl groups in polysaccharides was analyzed 
with a higher wavenumber (ν = 3337 cm− 1) compared to the impreg
nated or spray coated non-wovens (ν = 3310 cm− 1) or the spruce bark 
extract (ν = 3310 cm− 1). (Figs. S7-8, Supplementary Materials) These 
stretching vibrations of OH groups are also indicated to include inter- 
and intra-molecular hydrogen bonding in cellulose materials. The 
amount of the spruce bark extract coating on non-woven samples is quite 
low compared to the cellulosic fibers of the substrates, and FTIR-ATR 
signals of the extract and cellulosic fibers partly overlap. In addition, 
FTIR-ATR analysis has the limitations having the lowest penetration 
depth of the material. However, FTIR-ATR analyses confirmed the 

successful deposition of bark extract on viscose, lyocell, and blend 
nonwoven substrates. Characteristic peaks associated with phenolic es
ters, hydrolyzable tannins, and aromatic structures were detected, 
particularly in impregnated and spray-coated samples. Unlike the 
spectra of original substrate non-wovens, the spectra of impregnated and 
spray coated non-wovens show a stretching vibration of C=O bond of 
phenolic esters or hydrolyzable tannins in bark extract (ν = 1734 cm− 1). 
In fact, several peaks of C=O stretching vibrations are shown until 1653 
cm− 1 due to the intermolecular hydrogen bonding lowering the ab
sorption frequency. Another characteristic bark extract bands of the 
C=C stretching vibrations in aromatic rings of tannins are also shown (ν 
= 1609 cm− 1 and 1449–1387 cm− 1).

The results of the draw-down coated samples (Fig. S9, Supplemen
tary Materials) differed slightly from those obtained with impregnation 
and spray coatings. The initial substrates did not exhibit characteristic 
peaks between the 2300 and 2400 cm− 1 wavenumbers, which could be 
attributed to variations in the FTIR instruments used. Additionally, the 
characteristic peaks of spruce bark extracts were not very pronounced in 
the draw-down coated samples. This observation might be related to the 
concentration of CMC in the coatings, which could interfere with the 
detection of the bark extract.

To further confirm the deposition of bark extract on the non-wovens, 
an XPS analysis was performed to determine the surface elemental 
composition and chemical states of the non-woven before and after 
functionalization. The survey spectra revealed the expected dominant 
C1s and O1s signals for both the pristine non-woven and bark extract- 
functionalized non-woven (Fig. 4), indicating that the surface is pri
marily composed of carbon- and oxygen-containing functionalities. 
High-resolution C1s spectra (Fig. 5) were deconvoluted into four peak 
components at ~289  eV, ~287  eV, ~286 eV, and ~284.8 eV, assigned 
to O-C=O, C=O, C-O, and C-C, respectively. The corresponding O1s 
spectra exhibit a main contribution at ~533  eV (C-O) together with 
smaller components at ~531 eV (C=O) and ~534 eV (C-O-C), consistent 
with oxygenated groups present in cellulose and tannin-rich bark 
extract. Notably, the pristine viscose, lyocell, and blend non-wovens 
exhibit different relative fractions of O-C=O, C=O, C-O, and C-C 
(Fig. 5 (a-1), (b-1) and (c-1)), reflecting intrinsic differences in surface 
chemistry among the substrates. After functionalization, all three sub
strates showed a pronounced increase in the C-C fraction, indicative of 
an enhanced aromatic/alkyl carbon contribution from tannin-rich bark 
extract. And the O1s spectra simultaneously revealed an increased C=O 

Fig. 3. Principal component (PC) analysis of the effect of addition of bark extract (red color) and tannic acid (blue color) compared to reference fiber materials (green 
color) without additions on the antimicrobial activities. Confidence interval ellipses represent 95% confidence interval for each group. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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contribution, in agreement with the FTIR-ATR results. Importantly, the 
C1s deconvolution further highlights clear method-dependent differ
ences in surface coverage efficiency and the degree of substrate expo
sure. Spray coating retains a measurable O-C=O contribution (e.g., VIS- 
spray 6.6%), suggesting incomplete surface coverage and partial expo
sure of the underlying substrate at the relatively low deposited amount, 
whereas impregnation and draw-down coating largely suppress the O- 
C=O component while markedly increasing the C-C fraction, consistent 
with a more effective surface domination by the extract. The magnitude 
of these changes is also substrate-dependent (most pronounced for VIS 
and LYO), supporting that both coating route and substrate chemistry/ 
topography govern extract distribution at the non-woven surface.

4. Conclusions

During this proof-of-concept study, medical textiles with a broad 
spectrum of antimicrobial activities were successfully manufactured by 
coating viscose, lyocell and blend non-woven substrates with spruce 
bark extract derived from the forest industry by-products, as well as with 
commercially available tannic acid (TA). TA generally showed stronger 

antibacterial activity than bark extract, and TA was effective against 
E. coli, S. aureus, and MRSA across all coating methods. Even low con
centrations (1%) of TA achieved significant inhibition, especially with 
draw-down and spray coating methods. Bark extract showed some 
antibacterial activity, especially on blend and lyocell materials, but it 
was more variable and material dependent. In turn, bark extract out
performed TA in antiviral activity, particularly against CVA9 (entero
virus) and HCoV-OC43 (coronavirus). Bark extract was highly effective 
on viscose and blend materials, especially with draw-down and 
impregnation methods. TA also showed antiviral effects, but bark 
extract generally provided stronger and more consistent results.

Among the tested methods, impregnation, spray coating, and draw- 
down coating, the draw-down coating method demonstrated the high
est overall performance in producing antimicrobial and antiviral 
nonwoven textiles. Draw‑down coating promotes the formation of a 
more uniform, surface‑localized coating with higher effective surface 
concentration of bioactive compounds. It enabled the highest tannin 
add-on, showed strong dose-dependent antibacterial activity (especially 
against E. coli and S. aureus), and achieved complete inhibition of CVA9 
infectivity across all tested materials. It also showed notable antiviral 

Fig. 4. High-resolution spectrum of C1s in different non-woven substrates (A) Blend (B) Viscose and (C) Lyocell non-woven, and XPS survey spectra of different non- 
woven substrates (D) Viscose (E) Lyocell and (F) Blend non-woven before and after functionalized by impregnation (imp), spray, and draw-down (dd) coating with 
spruce bark extract.
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efficacy against HCoV-OC43, particularly when bark extract was applied 
to viscose and blend substrates. The spray coating method also showed 
promising results, particularly for lyocell-based materials, which 
exhibited strong antibacterial and antiviral activity even after washing, 
indicating good durability. However, spray coating results in a more 
material‑dependent morphology. Such method‑dependent effects have 
been described in earlier reports [52,53]. The impregnation method led 
to deeper penetration into the fiber matrix. Although it was less effective 
in terms of antimicrobial performance, impregnation still provided sig
nificant antiviral activity, especially when bark extract was applied to 
lyocell and blend substrates. These differences in coating morphology 
and surface chemistry, as supported by FTIR‑ATR and XPS analyses, 
play a key role in determining the antimicrobial and antiviral perfor
mance of the treated nonwoven textiles.

The study highlights that antimicrobial and antiviral efficacy is not 
strictly dose-dependent, suggesting that the chemical composition and 
interaction mechanisms of the bioactive agents (e.g., tannins in bark 
extract and TA) with the fiber substrates play a critical role. In addition, 

antimicrobial efficacy is strongly influenced by coating morphology, 
surface localization of active agents, fiber coating compatibility, and 
controlled penetration depth. The findings demonstrated that entero
viruses exhibited strong affinity for tannic acid–coated cellulose, and 
that coronaviruses also directly interacted with the tannic acid immo
bilized on the material. Although direct interactions between viruses 
and tannic acid or bark extract were not evaluated in the current study, 
investigating these interactions will be important in future work. Liter
ature suggests that tannin–protein interactions are mediated by both 
hydrogen bonding and hydrophobic forces [54]. Hydrogen bonds form 
between the phenolic hydroxyl groups of tannins and carboxyl or 
carbonyl groups of proteins, while hydrophobic interactions occur be
tween the aromatic rings of tannins and aliphatic or aromatic side chains 
of amino acid residues. Thus, it is likely that antiviral efficacy of 
phenolic compounds is based on these interactions between the com
pounds and viral proteins. Compared to TA, bark extract consistently 
demonstrated superior antiviral performance, particularly in assays 
targeting CVA9 and HCoV-OC43, likely due to its complex polyphenolic 

Fig. 5. High-resolution spectrum of O1s in different non-woven substrates. (A) Blend (B) Viscose and (C) Lyocell non-woven before and after functionalized by 
impregnation, spray, and draw-down coating with spruce bark extract. Draw-down coated viscose material with an addition of 1, 3 and 6% (w/v) of tannic acid (D) 
and bark extract (E) also show differences in color.
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structure enabling stronger or more diverse interactions with viral 
particles. The efficacy against bacteria could be enhanced by further 
fractionation of the bark extract, especially by removing carbohydrates, 
which potentially provide nutrition to microbial cells. FTIR-ATR shifts in 
hydroxyl group vibrations and the presence of ester and aromatic 
functionalities suggest that hydrogen bonding and possibly esterifica
tion contribute to the interaction between bark extract and cellulose 
fibers. XPS data revealed increased C–C and C=O content across all 
coated samples, indicating effective surface functionalization, especially 
with impregnation and draw-down coating methods. The differences in 
chemical bonding profiles across coating methods and substrates high
light the importance of optimizing both formulation and application 
technique for effective biofunctionalization of textiles.

From a regulatory and safety perspective, the use of tannic acid and 
bark extract in medical textile applications requires careful evaluation. 
As an example, microbial infections can lead to chronic and non-healing 
wounds and one interesting aspect for future work would be the eval
uation of suitability of the fabricated products for wound healing pur
poses [55]. However, the potential for irritation or allergic reactions 
associated with the subsequent use of single‑use antimicrobial materials 
should be considered in both acute and chronic use scenarios in future 
work. According to the literature, many tested polyphenols such as 
catechins, quercetin, curcumin etc. have been shown to be anti-allergic 
and thus have positive effects [56,57]. Bound polyphenolic compounds 
may still leach during use or cause irritation, and any such materials 
placed on the EU market must undergo biological safety assessment 
under the Medical Device Regulation (MDR 2017/745), including irri
tation (ISO 10993–23) and sensitization (ISO 10993–10) testing. Opti
mization of antimicrobial agent addition is also important in the sense of 
balancing between enhanced antimicrobial efficacy and the preserva
tion of target use required material properties [58]. Although this study 
focused on establishing functional feasibility and identifying promising 
coating strategies, future work should include durability and stability 
assessments, quantitative leachability measurements, and deeper 
mechanistic studies to fully understand fiber–polyphenol interactions 
and support further development of safe and effective biofunctional 
textiles.
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Recycling of Regenerated Cellulose Fibers: Special Medical Applications, JFB 15 
(2024) 348, https://doi.org/10.3390/jfb15110348.

[5] K.J. Edgar, H. Zhang, Antibacterial modification of Lyocell fiber: A review, 
Carbohydr. Polym. 250 (2020) 116932, https://doi.org/10.1016/j. 
carbpol.2020.116932.

[6] K. Moriam, D. Sawada, K. Nieminen, M. Hummel, Y. Ma, M. Rissanen, H. Sixta, 
Towards regenerated cellulose fibers with high toughness, Cellul. 28 (2021) 
9547–9566, https://doi.org/10.1007/s10570-021-04134-9.

[7] R. Gulati, S. Sharma, R.K. Sharma, Antimicrobial textile: recent developments and 
functional perspective, Polym. Bull. 79 (2022) 5747–5771, https://doi.org/ 
10.1007/s00289-021-03826-3.

[8] D. Chattopadhyay, T. Naik, Antivirals of Ethnomedicinal Origin: Structure-activity 
Relationship and Scope, MRMC 7 (2007) 275–301, https://doi.org/10.2174/ 
138955707780059844.

[9] H.-X. Xu, M. Wan, H. Dong, P.-P.-H. But, L.Y. Foo, Inhibitory Activity of Flavonoids 
and Tannins against HIV-1 Protease, Biol. Pharm. Bull. 23 (2000) 1072–1076, 
https://doi.org/10.1248/bpb.23.1072.

S. Kunnas et al.                                                                                                                                                                                                                                 Materials & Design 265 (2026) 115895 

12 

https://doi.org/10.1016/j.matdes.2026.115895
https://doi.org/10.1016/j.matdes.2026.115895
https://doi.org/10.1038/s41579-021-00639-z
https://doi.org/10.3390/jfb15110348
https://doi.org/10.1016/j.carbpol.2020.116932
https://doi.org/10.1016/j.carbpol.2020.116932
https://doi.org/10.1007/s10570-021-04134-9
https://doi.org/10.1007/s00289-021-03826-3
https://doi.org/10.1007/s00289-021-03826-3
https://doi.org/10.2174/138955707780059844
https://doi.org/10.2174/138955707780059844
https://doi.org/10.1248/bpb.23.1072


[10] H.-Y. Cheng, C.-C. Lin, T.-C. Lin, Antiherpes simplex virus type 2 activity of 
casuarinin from the bark of Terminalia arjuna Linn, Antiviral Res. 55 (2002) 
447–455, https://doi.org/10.1016/S0166-3542(02)00077-3.

[11] C. Lupini, M. Cecchinato, A. Scagliarini, R. Graziani, E. Catelli, In vitro antiviral 
activity of chestnut and quebracho woods extracts against avian reovirus and 
metapneumovirus, Res. Vet. Sci. 87 (2009) 482–487, https://doi.org/10.1016/j. 
rvsc.2009.04.007.

[12] S.S. Ghoke, R. Sood, N. Kumar, A.K. Pateriya, S. Bhatia, A. Mishra, R. Dixit, V. 
K. Singh, D.N. Desai, D.D. Kulkarni, U. Dimri, V.P. Singh, Evaluation of antiviral 
activity of Ocimum sanctum and Acacia arabica leaves extracts against H9N2 virus 
using embryonated chicken egg model, BMC Complement. Altern. Med. 18 (2018) 
174, https://doi.org/10.1186/s12906-018-2238-1.

[13] L.L. Theisen, C.A.J. Erdelmeier, G.A. Spoden, F. Boukhallouk, A. Sausy, L. Florin, C. 
P. Muller, Tannins from Hamamelis virginiana Bark Extract: Characterization and 
Improvement of the Antiviral Efficacy against Influenza A Virus and Human 
Papillomavirus, PLoS One 9 (2014) e88062, https://doi.org/10.1371/journal. 
pone.0088062.

[14] D. Reshamwala, S. Shroff, J. Liimatainen, J. Tienaho, M. Laajala, P. Kilpeläinen, 
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