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In this study, thin films based on hyaluronic acid (HA) with tannic acid (TA) were investigated in three different
weight ratios (80HA/20TA, 50HA/50TA, 20HA/80TA) for their application as materials for wound healing.
Surface free energy, as well as their roughness, mechanical properties, water vapor permeability rate, and
antioxidant activity were determined. Moreover, their compatibility with blood and osteoblast cells was inves-
tigated. The irritation effect caused by hyaluronic acid/tannic acid films was also considered with the use of are
constructed human epidermis model. The irritation effect for hyaluronic acid/tannic acid films by the in vitro
method was also studied. The low surface free energy, surface roughness, and antioxidant activity presented by
the obtained films were examined. All the tested compositions of hyaluronic acid/tannic acid films were
hemocompatible, but only films based on 50HA/50TA were fully cytocompatible. Regarding the potential im-
plantation, all the films except 80HA/20TA showed appropriate mechanical properties. The specimens did not

exert the irritation effect during the studies involving reconstructed human epidermis.

1. Introduction

Biopolymers are compounds of natural origin [1] characterized as
biocompatible and biodegradable [2], which attracts a significant sci-
entific interest. Nevertheless, “pure” biopolymers do not meet the
criteria required for materials applied as wound dressings [3] and their
further modifications are necessary, e.g. by the addition of various
compounds, the so-called cross-linkers [4] which form new bonds or
interactions between functional groups present in polymer chains. Such
modifications improve the stability of the materials and allow their
employment as biocompatible coatings or layers [5].

Hyaluronic acid, an organic compound found in virtually all organ-
isms, is a non-sulfate glycosaminoglycan (GAG) composed of repeating f3
(1- > 3) D-glucuronic acid disaccharides [6]. The polysaccharide of the
glycosaminoglycan group occurs naturally as a component of the
intracellular matrix in dermis [7-9] and is also present in the human
body as a sodium salt (sodium hyaluronate). Hyaluronic acid may differ
in a degree to which it is cross-linked, i.e. it may be of various densities
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and different levels of bonding to water molecules. As an extracellular
matrix component, hyaluronic acid promotes cell proliferation, angio-
genesis, and tissue regeneration (e.g. wound healing) [9-11]. Such
properties allow the use of hyaluronic acid biomaterials mainly in
cosmetic medicine (e.g. restoring skin volume), in ophthalmic surgery,
and in the treatment of other degenerative joint diseases [12,13]. A less
common hyaluronic acid application is connected to wound healing as
the employment of polysaccharides to form hydrogel dressings is
required in order to shorten wound healing time [14,15].

Tannins, which are represented by tannic acid, constitute a group of
organic chemical compounds of natural origin. Tannic acid, composed
of glucose and gallic acid molecules [16], presents antibacterial and
antioxidant properties, as well as biocompatibility [17-20]. As evi-
denced, tannic acid supports skin regeneration, e.g. in the treatment of
burns [21]. Moreover, tannic acid is an effective cross-linking agent for
natural polymers such as hyaluronic acid [16], chitosan [22], collagen
[23] and starch [24].

The aim of the study was to obtain and characterize novel materials
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based on hyaluronic acid/tannic acid in thin film form that were fabri-
cated by solvent evaporation. The properties of the materials i.e. surface
properties, mechanical parameters, water vapor permeation rate, and
antioxidant activity were determined. Additionally, biocompatibility
with blood and cells as well as the irritation effect of the studied films
with the use of the reconstructed human epidermis test method were
investigated according to OECD 439 “In Vitro Skin Irritation: Recon-
structed Human Epidermis Test Method” norm to consider the obtained
materials as safe for use as wound dressing.

2. Materials and methods
2.1. Materials

Hyaluronic acid (HA, Mv = 1.8 x 10° g/mol) and 2,2-Diphenyl-1-
picrylhydrazyl were purchased from Sigma-Aldrich. Tannic acid (TA,
M,, = 1701.23 g/mol) and acetic acid (98 %) were purchased from the
ROTH company. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) and (S)-lactate: NAD + oxidireductase (lactate de-
hydrogenase, LDH, EC 1.1.1.27) assays, culture medium (Ham's F12 and
Dulbecco's Modified Eagle's), geneticin disulfate salt (G418), fetal
bovine serums (FBS) and Triton X-100 were purchased from the Merck
company.

2.2. Film preparation

Hyaluronic acid and tannic acid were dissolved in 0.1 M acetic acid
at 1 % concentration, separately. The solutions were mixed in three
weight ratios (HA/TA):80/20, 50/50, and 20/80. Such mixtures were
placed on the magnetic stirrer and mixed for 2 h. The final concentra-
tions of the components in the mixtures were: 0.008 g/mL HA and 0.002
g/mL TA in the 80HA/20TA film (ratio 4:1); 0.005 g/mL HA and 0.005
g/mL TA in the 50HA/50TA (ratio 1:1), and 0.002 g/mL HA and 0.008
g/mL TA in the 20HA/80TA (ratio 1:4). All the mixtures were placed on
the plastic holder (40 mL per 10 cm x 10 cm). The films were obtained
by drying at room temperature in the air atmosphere for 48 h (Fig. 1).
The films composed of pure hyaluronic or tannic acid could not be
successfully fabricated after solvent evaporation for further testing as
they were too brittle.

2.3. ATR-FTIR spectroscopy

Infrared spectra of the films were collected with a Nicolet iS5
(Thermo Fisher Scientific, Waltham, MA, USA) spectrophotometer with

ID7 ATR equipment containing ZnSe crystal, at room temperature in the

air atmosphere. The operating parameters were applied: 4 cm™! reso-

lution, 32 scans, and the range of wavenumbers 4000-550 cm L
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2.4. Surface free energy

The contact angles of two liquids (glycerin and diiodomethane) on
the films were measured using a goniometer equipped with a drop shape
analysis system (DSA 10 Control Unit, Kriiss, Germany) at room tem-
perature in an air atmosphere. Then, the values of the contact angle
measurement for both liquids were used to calculate the surface free
energy (IFT) and its polar (IFT (s,P)) and dispersive (IFT (s,D)) compo-
nents using the Owens-Wendt method [25].

2.5. Atomic force microscopy (AFM)

The surface roughness was determined from the images obtained
with the microscope equipped with a scanning probe of the NanoScope
IIIa MultiMode Scanning Probe Microscope type (Veeco Metrology, Inc.,
Santa Barbara, CA, USA) which operated in a tapping mode at room
temperature in an air atmosphere. Two parameters were calculated: the
root-mean-square (Rq) roughness and the arithmetic mean (Ra) within
the Nanoscope Analysis v6.11 software (Bruker Optoc GmbH, Ettlingen,
Germany).

2.6. Mechanical properties

The mechanical properties of the films were determined by the
nanoindentation technique with NanoTest™ Vantage equipment (Micro
Materials, UK). The experiments were performed using a three-sided
diamond and a pyramidal indenter (Berkovich indenter). The
following parameters were set up: 200 mN maximum force, 20 s of the
loading time, 15 s of the unloading time and 5 s of the holding time
under maximum force. After each test, temperature drift was allowed for
10 s. The load-displacement curves were determined for each film (n =
10) and the hardness (H) and reduced Young's Modulus (Er) were
calculated by the Oliver and Pharr method [26] using the integrated
software.

2.7. Water vapor permeation rate (WVPR)

The water vapor permeation rate is the parameter that allows the
determination of water permeation through a film. A known weight of
dried anhydrous calcium chloride (mg) as a desiccant was placed in a
plastic container with a 5 cm diameter. The films were placed on top of
the containers and sealed tightly [27]. After 3 days, the samples were
weighed (m) and the changes in their weights were determined:

m, —mo,

the percentage weight gain of CaCl, = *100% (€D)]

my
2.8. Water stability

Dry films with a known weight (mo) were immersed in distilled
water. After 1 and 24 h (my), the subjected samples were removed from

Fig. 1. Digital images of the obtained films A) 80HA/20TA, B) 50HA/50TA, C) 20HA/80TA.
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the solution, gently dried with tissue paper, and weighed. The per-
centage of weight change was then calculated:

weight change = %"‘100% 2)
0

2.9. DPPH radical scavenging assay

The antioxidant properties of the films were determined using the
DPPH reagent (2,2-Diphenyl-1-picrylhydrazyl, free radical, 95 %; Alfa
Aesar, Germany). Samples (1 cm x 1 cm) of each film were placed in a
24-well plate and filled with 2 mL of a DPPH solution (250 pM solution
in methyl alcohol). They were left without exposure to light for 0.5 h. A
spectrophotometric measurement was made at 517 nm (UV-1800, Shi-
madzu, Switzerland). The antioxidant activity was calculated from the
formula:

Abspppr — Abspp.,,

RSA% = *100% 3)

Abspprr

where:

Abspppy is the absorbance of the DPPH solution without contact with
the material being tested

Abspg is the absorbance of the DPPH solution after contact with the
material being tested

2.10. Hemo- and cyto-compatibility

The experiments on hemo- and cyto-compatibility of the films were
conducted on human red blood cells (RBCs) and human osteoblasts cell
line (hFOB 1.19, RRID: CVCL 3708; ATCC, USA). The number of cells
was estimated with a Superior CE hemocytometer (Marienfeld, Lauda-
Konigshofen, Germany). To study the hemocompatibility, square sam-
ples of the films which were 5 mm in diameter and 0.13 (& 0.02) mm in
thickness were examined. To check the cytocompatibility, round-shaped
samples of 15 mm in diameter and the same thickness were used. Prior
to the testing, all the specimens were sterilized by exposure to UV-light
for 30 min. The results are presented in percentages relating to the
relevant controls [28], while direct values are included as SFigs. 1 and 2
in Appendix.

RBCs were obtained from buffy coats highly contaminated with RBCs
obtained as by-products of whole blood fractionations from the Regional
Blood Centre in Gdansk (Regional Blood Blank institutional permission
M-073/17/JJ/11). Whole blood was collected from healthy volunteers
in accordance with the Declaration of Helsinki under an approved
Regional Bank Review Board Protocol in standard acid citrate dextrose
solutions. RBCs were fractionated according to Blood Banks standards
[29]. RBCs (3 x 10° cells/mL) were placed in 2 mL tubes containing
films (n = 4) and incubated at 37 °C for up to 24 h. The remaining blood
samples were centrifuged at 100 xg at room temperature for 3 min to let
the erythrocytes sediment, and supernatants were taken for further
research. The hemolysis was assessed spectrophotometrically at a 540
nm wavelength with Ultrospect 3000pro spectrophotometer (Amer-
sham-Pharmacia-Biotech, Cambridge, UK). RBCs treated with 2 %
Triton were used as a positive control (i.e. 100 % hemolysis) and RBCs
incubated without films as a negative control [26].

The hFOB cells were grown in 1:1 mixture of Ham's F12 Medium and
Dulbecco's Modified Eagle's Medium (without phenol red), containing 1
mmol/L i-glutamine, 0.3 mg/mL genetin disulfate salt (G418) and 10 %
fetal bovine serum at 37 °C in an atmosphere containing 5 % COa. Ex-
tracts of the films were used to study their cytocompatibility effect. Each
film (n = 4) was immersed in 2 mL of the culture medium and condi-
tioned for 24 h. The cells were seeded at a density of 12 x 10° cells on a
96-well plate and cultured for 24 h under standard conditions. The
medium was further discharged and the conditioned medium was added
for the next 72 h. The cell viability was evaluated after 72 h of culture
using the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide). The medium was changed for one sup-
plemented with 0,06 mmol/L of MTT and incubated for another 4 h. The
viable cells containing NAD(P)H-dependent oxidoreductase enzymes
reduced the MTT to blue formazan. The absorbance was measured
spectrophotometrically at 590 nm. The measured absorbance was pro-
portional to the number of viable cells. The results are expressed as a %
of non-treated control (TCP). Moreover, the LDH release assay was used
to determine cell death by the assessment of LDH release from the dead
cells. The supernatants from the hemocompatibility test and the culture
medium from the cytocompatibility test were used for this study. The
lactate dehydrogenase (LDH, fractional (S)-lactate:NAD+ oxidoreduc-
tase; LDH, EC 1.1.1.27) was surveyed by direct measurement of NADH
oxidation at 340 nm. LDH data were expressed as a percentage of the
total LDH released from the cells.

2.11. Antibacterial properties

The inhibition of bacterial growth was evaluated according to the
McFarland standards [30] by measuring the turbidity of bacteria incu-
bated together with films. Briefly, when the optical density of the bac-
terial suspension is 1.0 McFarland index (iMS), the number of bacteria is
3 x 10® CFU/mL. Before testing, the examined films (n = 3; 0.5 x 0.5 x
0.1 mm) were placed in 24-well plates and sterilized by UV-light
exposure for 30 min. Staphylococcus aureus (ATCC 25923; USA) and
Escherichia coli (ATCC 25922, USA) bacteria with an initial concentra-
tion of 0.5 iMS were suspended in Trypticase Soy Broth (Merck, Darm-
stadt, Germany) and then added to wells with the specimens (2 mL) and
incubated at 36 °C. After each hour, their optical density was measured
using the DensiChEK Plus (BioMerieux, Montreal, QC, Canada). Bacteria
incubated without specimens were used as a negative control. The
maximum measuring range of the device was 4 iMS.

2.12. Irritation effect

The films were tested according to the OECD 439 “In Vitro Skin
Irritation: Reconstructed Human Epidermis Test Method” norm using
the reconstructed human epidermis model (EpiDerm - Reconstructed
Human Epidermis; Mattek In Vitro Life Science Laboratories, EpiDerm
Frozen EPI-200 ver. 2.0). The reconstructed human epidermal model
EpiDerm™ consists of normal human epidermal derived keratinocytes
that have been cultured to form multi-layered, highly differentiated
human tissue. It consists of an organized basal, spinous, granular and
multilayer stratum corneum layer containing intercellular lamellar lipid
layers.

The test involves the local exposure of the chemical under exami-
nation to the tissue surface for a specified period of time, which is fol-
lowed by a cell viability test quantified using the MTT test. The MTT test
enables the measurement of the activity of mitochondrial enzymes in the
cell, which is directly proportional to the amount of reduced tetrazolium
salt, and thus may be an indicator of cell viability.

2.13. Statistical analysis

The statistical analysis of the data was performed using the com-
mercial software (SigmaPlot 14.0, Systat Software, San Jose, CA, USA).
The Shapiro-Wilk test was used to assess the normal distribution of the
data. All the results were calculated as mean =+ standard deviations (SD)
and statistically analyzed using the one-way analysis of variance (one-
way ANOVA). Multiple comparisons versus the control group between
the means were performed using the Bonferroni t-test with the statistical
significance set at p < 0.05.
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3. Results
3.1. ATR-FTIR spectroscopy

ATR-FTIR spectra of the studied films containing tannic acid as well
as of the films containing solely hyaluronic acid without tannic acid
addition (HA) are shown in Fig. 2. All the spectra show the peak at 1034
em™! attributed to C-O-C vibration, and the peaks at 1602 cm™!
attributed to the asymmetric bending of C=0 groups in HA [31]. The
spectrum of hyaluronic acid shows a peak at 1410 cm ™! attributed to the
symmetric stretching of C=0 groups in HA, however, it is not observed
in the spectra of HA/TA films. The spectrum in the region of 1490-1286
cm ! has been changed with the addition of tannic acid. The change is
related to the coupled vibrations of the ring (C—C) and the carbonyl
group (C=0), are formed together with the contribution from vibrations
of the C—H and C-OH groups. Also, a peak at 1210 cm ™! is presented in
the spectra of HA/TA characteristic for the phenol group [32,33].

3.2. Surface free energy

The surface free energy was determined by measuring the contact
angle of the polar and the non-polar liquid placed on the film surface
(Table 1). Surface free energy values determine the dangling bonds
which control cell-material interactions. High surface free energy in-
hibits such interactions. The results showed that the increasing amount
of tannic acid present in the film results in the decrease in surface free
energy. The polar component also decreased with an increasing tannic
acid content, as hyaluronic acid is highly hydrophilic. The opposite
trend was observed for the dispersive component since films with the
highest tannic acid content showed the lowest IFT (s,D) parameter.

3.3. Atomic force microscopy (AFM)

The roughness of the film influences the material properties. Table 2
shows the roughness parameters. The increasing amount of tannic acid
results in the decrease in both roughness parameters. It suggests that the
addition of tannic acid results in the changes in organization of the
polymer chain of hyaluronic acid. Thereby, fewer functional groups are
present on the films' surface (Fig. 3) and as a result, roughness decreases.

3.4. Mechanical properties

The mechanical properties of the films such as nanohardness and
Young's Modulus (Fig. 4) were calculated based on the nanoindentation
curves shown in Fig. 5. Each hysteresis plot of load-deformation consists
of three characteristic segments: 1) loading with increasing the force to
at certain value, 2) holding with maintaining the applied force and 3)

1.0 THA

05+

Absorbance
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Table 1

The surface free energy (IFT(s)), its polar (IFT (s,P)) and dispersive (IFT (s,D))
components of the films based on hyaluronic acid and tannic acid (n = 5; *
significantly different from 20HA/80TA — p < 0.05; # significantly different
from 50HA/50TA — p < 0.05).

Specimen IFT(s) [mJ/m?] IFT (s,P) IFT (s,D) [mJ/m?]
[mJ/m?]
80HA/20TA 54.25 + 0.99** 30.22 + 0.50+% 24.03 + 0.48**
20HA/80TA 42.61 £1.21 15.41 + 0.41 27.21 + 0.81
50HA/50TA 44.17 + 0.56 16.02 + 0.24 28.15 + 0.31
Table 2

Roughness parameters (Ra and Rq) of films (n = 5; * significantly different from
20HA/80TA — p < 0.05; * significantly different from 50HA/50TA — p < 0.05).

Specimen Ra [nm] Rq [nm]
80HA/20TA 3.45 + 0.17% 4.21 +£0.17%
20HA/80TA 2.92 + 0.10 3.84 + 0.09
50HA/50TA 2.97 + 0.13* 3.88 + 0.21*

unloading. Also, in all plots a slight deformation at the last stage is
visible, which was related to the temperature drift. Different composi-
tions of the film ingredients (HA/TA) significantly influenced the shape
of nanoindentation curves as well as both of the tested parameters. The
increase in TA content significantly improves mechanical resistance and
increases Young's Modulus, while the opposite effect was observed for
increasing the HA content. The meaningful increase in the depth of
indentation was only noted for 80HA/20TA. The 50HA/50TA film had
optimal mechanical properties, while the 20HA/80TA film had the best
characteristics.

3.5. Water vapor permeation rate (WVPR)

The water vapor permeation rate is at parameter that allows the
determination of water permeation from atmosphere through a film. An
increasing amount of tannic acid in the film results in the decrease in
WVPR (Table 3). The film composed of 80HA/20TA has the highest
ability to allow water to permeate through the material.

3.6. Water stability

The weight change of hyaluronic acid/tannic acid films in water can
be considered as their stability in water. For each type of film, after 1 and
24 h of immersion in water, an increase in weight was observed. It
suggests that each film has the ability to swell and that it does not
degrade after 24 h. The experiment was not carried out for a longer
period of time because the films dissolved. Films containing a higher

1034~

ooj4/

1,0 T 80HA/20TA

0.5+ [ —

Absorbance

00
1.0 1 50HA/50TA

05+

Absorbance

00
1.0 1 201A/80TA

054

Absorbance

0.0} . . . . ' . . . . ' . . . . '
4000 3500 3000 2500

. 1
2000

Wavenumbers (cm-1)

Fig. 2. The ATR-FTIR spectra of hyaluronic acid (HA), 80HA/20TA, 20HA/80TA, and 50HA/20TA.
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Fig. 3. The 3D images of surfaces of films 80HA/20TA, 20HA/80TA, 50HA/20TA, respectively.

80HA/20TA -]* 80HA/20TA *
20HA/80TA - H*|  20HA/80TA - i
S50HA/50TA - H* S50HA/50TA - x
0 2 4 6 0 1|0 2'0 alo 4|o 5|0 80
Nanohardness (GPa) Young Modulus (GPa)

Fig. 4. Nanoindentation mechanical properties of the tested films (n = 10; data are expressed as the mean + SD,* significantly different between groups (p < 0.05)).

2 .
- —— 50HA/50TA
—— 20HA/80TA
—— 80HA/20TA
150 A
=
E
© 100 -
®©
o
=
50 -
0 T T T T T T

0 1000 2000 3000 4000 5000 6000 7000
Depth of indentation (nm)

Fig. 5. Nanoindentation curves for the tested films (the presented plots are representative for ten indentation experiments).

concentration of HA showed higher swelling behavior than those with a positive radical scavenging activity (RSA); however, its value depends

lower HA content. on the film composition. Tannic acid is well-known as a natural com-
pound with antioxidant properties [17]. The increase in tannic acid
3.7. DPPH radical scavenging assay content in the material results in the increase in RSA.

The antioxidant properties were determined by the DPPH radical
scavenging assay method (Table 3). All the tested films showed the
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Table 3

The water vapor permeability rate recalculated to mg/cm?/h units (WVPR), (n
= 5; * significantly different from 20HA/80TA — p < 0.05; # significantly
different from 50HA/50TA — p < 0.05).

Specimen WVPR [mg/cm?/ RSA [%] Weight change in water
h] [%]
1h 24h
80HA/ 0.1759 + 26.15 + 570 + 1040 +
20TA 0.0049** 0.21%% 12%# 19%#
20;’}[2 0.1415 + 0.0061%  93.22 +1.05% 490 + 11* 870 + 10*
50;’,}; 0.1621 + 0.0092 85.78 + 0.56 418 £ 15 822 +13

3.8. Hemo- and cyto-compatibility

The developed films did not have a negative effect on the human
erythrocytes (Fig. 6B), which is confirmed by the low degree of hemo-
lysis (below 0.5 %), and low release of LDH from the cells was compa-
rable to the control conditions. While some of the tested films were
cytostatic to hFOB 1.19 cells, 20HA/80TA and 80HA/20TA inhibited the
cellular growth by ~50 %, but they were not cytotoxic because the LDH
release was not elevated. In turn, 50HA/20TA was the most biocom-
patible one as it neither decreased the cellular growth nor increased the
LDH release (Fig. 6A).

3.9. Antibacterial properties

All the developed films showed antibacterial properties against both
Staphylococcus aureus and Escherichia coli and contributed to the slow-
down in their growth in the broth (Fig. 7). In this study, it was observed
that the 20HA/80TA films dissolved completely during the test, which
may affect the collected results. The most effective inhibitory effects on
Staphylococcus aureus (~10 %) were observed for the 50HA/50TA film,
while on Escherichia coli (~14 %) - for the 20HA/80TA film.

3.10. Irritation effect

The irritation effect study confirms the safety of the specific

A 140

I MTT assay
[ LDH assay

1204

1004

80

Cytocompatibility (%)

B ﬂ H
B [

TCP 1

50HA/50TA
20HA/80TA
80HA/20TA A
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materials in use when getting in contact with human skin. The mean
tissue viability (expressed as % of NC negative control) above 50 %
means that a polymer film does not present an irritation effect (Table 4).
The obtained results showed that none of the films has any irritation
effect. The %NC increases with an increase in the amount of hyaluronic
acid.

4. Discussion

Hyaluronic acid is a well-known polysaccharide and a component of
different types of biomaterials. It is biocompatible and safe to use in both
external and internal applications. Hyaluronic acid may be combined
with other natural compounds to enhance the material's properties and
provide new properties. Tannic acid is a polyphenolic acid known as a
good cross-linker for polysaccharides [34]. In this study, tannic acid was
mixed with hyaluronic acid and the resulting thin films were obtained
by solvent evaporation. ATR-FTIR spectra showed characteristic peaks
of hyaluronic acid and a phenolic compound (tannic acid). Some
changes can be observed due to the possible hydrogen bonding between
the hydroxyl groups of TA and the hydrophilic groups of hyaluronic
acid.

Surface free energy constitutes an important parameter when
examining cell interactions with the surface and, at the same time, the
materials' biocompatibility. The presence of tannic acid results in the
decrease in surface free energy which may further cause the improve-
ment of the cell-material interaction. There is yet another important
parameter influencing the cell behavior, i.e. the surface roughness. The
surface topography strongly modulated the cellular morphology, pro-
liferation and phenotype expression. The surface roughness can be
classified as nanoroughness (<100 nm), microroughness (100 nm-100
pm), or macroroughness (100 pm-1 mm) [35]. The surface roughness of
the fabricated films based on hyaluronic acid/tannic acid was at the
nanomater scale. Depending on a cell type, the nanoscale roughness may
either improve or hamper the biofilm formation [36].

Mechanical properties are extremely important in terms of the
application aspect. In our nanoindentation research, we found that the
composition (i.e. percentage content of HA and TA) of films has a
remarkable effect on both hardness and Young's Modulus. An increase in
the TA content improves these properties, which is probably related to
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Fig. 6. The effect of the developed films on cytocompatibility of hFOB 1.19 cells (cell viability and lactate dehydrogenase release) after 72 h of culture and
hemocompatibility of human erythrocytes (hemolysis rate and lactate dehydrogenase release) after 24 h exposure to films (n = 4, data are expressed as the mean +

SD,* significantly different from the respective controls (p < 0.05)).
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Fig. 7. Bacterial growth inhibition determined by McFarland standard values specifying the number of the selected bacteria during incubation with the tested films:
A) Staphylococcus aureus and B) Eschericha coli (n = 3; data are expressed as the mean + SD,* significantly different from control (p < 0.05)).

Table 4
The results of the irritation effect studies for films based on hyaluronic acid and
tannic acid.

Absolute value SD Acceptance criterion Result
[oD] [%]
Negative 1.456 7.62 OD >1and OD < 2.8 Normal
control — NC and SD <18 %
Average tissue SD Acceptance criterion Result
viability [% NC] [%]
Positive 3.6 0.25 %NC < 20 % and SD Normal
control — PC <18 %
80HA/20TA 95.4 2.74 SD <18 %
20HA/80TA 88.2 3.11 SD <18 %
50HA/50TA 91.4 6.55 SD <18 %

OD - absolute value.
SD - standard deviation.

the microstructural changes in the films caused by TA acting as a cross-
linker and stabilizer for natural polymers, as observed in some of the
previous studies [37]. We assume that both polymers (HA and TA) form
a cross-linked complex in developed films, where the mechanical
properties are the relative result of pre-reactants' properties. Some
previous studies have shown that TA contains multiple phenolic groups
and can cross-link macromolecules (such as those of hyaluronic acid) by
hydrogen, coordination, and hydrophobic bonds [38]. Similar results
can be found in literature by other authors. For instance, Gwak et al.
observed that the addition of TA to HA-catechol hydrogels improves
their mechanical strength [39]. Lee et al. confirmed that the addition of
TA results in an increase in mechanical response of polyethylene glycol
diglycidyl ether (PEGDE)-crosslinking HA hydrogels [40]. In our
research, the 20HA/80TA films had the best mechanical properties. Due
to potential application issues, the 80HA/20TA films (with diametrically
weak mechanical properties) are not recommended for biomedical
applications.

The material applied on the skin should allow for the permeation of
water vapor as the appropriate moist environment is one of the most
critical factors. It is related to the dressings' ability to remove moisture
from the wound into the atmosphere. In in vivo model it was proven that
higher WVPR of dressing ensures adequate level of moisture, which
results in scar-free healing. Hence, this parameter is useful to determine
how the studied material can achieve the balance between a moist
wound environment and, at the same time, avoiding the collection of
excess exudate that can cause maceration of healthy skin and proneness
to infection. Further, it was found that WVPR is strongly related to the
porosity and thickness of the applied dressing. Finally, due to the

complexity of the wound regeneration process, choosing the appropriate
moisture level may be difficult and the water vapor permeation rate is
only a helpful indicator that still has some limitations [41,42]. The
increasing content of hyaluronic acid in the fabricated films results in
the increase in WVPR. Hyaluronic acid is known as a polysaccharide of
highly hydrophilic character, so it is able to bind water molecules which
are then able to permeate through the film. Such property allows
keeping the wound moist and promoting the healing processes.
Hyaluronic acid has been recognized as a polymer with a high ability
to bind water [43]. It displays high hydrophilic properties and, thereby,
has the ability to swell. However, the consequence of its high hydro-
philic character is its low stability in water conditions and its ability to
dissolve in water easily [44]. Tannic acid has a weaker ability to swell
than hyaluronic acid; however, its addition to hyaluronic acid improves
the stability of obtained films. Moreover, the addition of tannic acid
provides new properties of hyaluronic acid-based films such as antiox-
idant activity. The RSA value increases with an increasing concentration
of tannic acid in the material. Materials showing antioxidant activity are
useful from the biomedical applications viewpoint as they inhibit the
free oxygen radicals harmful for human bodies. Materials with antioxi-
dant properties improve the efficiency of medical treatment of wounds
and protect the body defects against oxidation stress [45]. Matrix met-
alloproteinases (MMPs) play an important role in tissue remodeling.
Tannic acid has been reported to inhibit MMP-2/—9 activities. Thereby,
tannic acid has been recognized as a compound that improves the ac-
tivity of tissue remodeling as well as wound healing. Chiang et al. [46]
explained that the interactions between tannic acid and MMPs including
H-bond formation, hydrophobic interactions, and metal-organic coor-
dination bonds. Thereby, tannic acid is a valuable additive which pro-
vides antioxidant properties of hyaluronic acid-based materials.
Hyaluronic acid is a well-known biomaterial characterized by
excellent biocompatibility [47], while tannic acid has also been previ-
ously tested for biocompatibility in a variety of films and scaffolds such
as poly(vinly alcohol)/ calcium meta phosphate/tannic acid (PVA/
CMP/TA) hydrogel [48], tannic acid (TA)-reinforced methacrylated
chitosan (CSMA)/methacrylated silk fibroin (SFMA) hydrogels [49],
bacterial cellulose/tannic acid (BC/TA) film [50] or sodium alginate/
glycerol/tannic acid (SA/Gly/TA) film [26]. Moreover, both acids are
approved by the Food and Drug Administration (FDA) [51]. Hence, it
was assumed that the developed films should theoretically be fully
biocompatible as well. In our studies, the obtained films were confirmed
to be hemocompatible, but only 50HA/50TA was proved to be fully
cytocompatible for hFOB cells. Lack of negative influence of the films on
human blood is consistent with the literature results. Tannic acid was
previously tested as a coating on polyethersulfone (PES) hemodialysis
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membranes [52] and hyaluronic acid was used as a wound dressing
material for hemostatis [53]. The achieved results of MTT proliferation
test show that both 20HA/80TA and 80HA/20TA inhibit the hFOB1.19
cell growth. It may result from a higher release of one of the films'
component into the culture medium. On the other hand, the released
constituent is not cytotoxic because the LDH release was not elevated
under the latter conditions. However, relatively different results were
obtained by other authors. For instance, Feng et al. [54] found that the
addition of a small amount of TA (5 wt% content) into poly(vinyl
alcohol)/carboxymethyl cellulose (PVA/CMC) hydrogels improved cell
proliferation. Sharma et al. [26] added TA (30 wt%) into sodium algi-
nate/glycerol (SA/Gly) and also reported a similar positive effect.
Moreover, Bai et al. confirmed that the cell proliferation increases with
an increase in TA amount added into poly(vinyl alcohol)/collagen
(PVA/Col) hydrogels [55]. The differences between our research results
and those by other authors may be related to the amount of substances
released from both hyaluronic and tannic acid. The above assumption is
consistent with the observations of Zhang et al. [56] who found that
their composite based on bacterial cellulose/tannic acid also showed cell
viability on 60-70 % level and confirmed the association with the TA
release. Hence, the most favorable cellular response was observed when
the content of the both acids in the 50HA/50TA film was equal. At the
same time, all the films are safe to use on the skin as they do not show the
irritation effect, as it was also examined with an innovative method
involving Reconstructed Human Epidermis.

Bacterial infections are a serious issue for the currently used bio-
materials. Therefore, it is extremely important to design materials with
their own antibacterial protection. In our research, the developed films
showed antibacterial abilities attributable to the use of tannic acid.
These polyphenols have previously confirmed bactericidal effectiveness
against i.e. Staphylococcus aureus, Klebsiella pneumonia, Escherichia coli
and Helicobacter pylori [57,58]. Moreover, Shimamura et al. observed
that TA efficiently reduces Staphylococcus aureus biofilm formation [59].
Our films, combining tannic and hyaluronic acid (80/20, 50/50 and 20/
80) maintained their antibacterial properties. These properties are
attributed to the presence of phenolic hydroxyl groups which may cause
disintegration of the bacterial cell membrane, reduction of enzyme ac-
tivity, or deprivation of substrates, ions and minerals [60,61]. We found
that the tested film have more effective inhibitory effect on Eschericha
coli (~16 %, 1 h; ~9 %, 2 h; Bacteria Gram-negative) than Staphylo-
coccus aureus (~6 %, 1 h; ~6 %, 2 h, ~12 %, 3 h, ~7 %, 4 h; Bacteria
Gram-positive). Generally, Gram-negative bacteria have a thin pepti-
doglycan layer and also an outer lipid membrane, which makes them
more resistant to external factors, such as antibiotics [62], which is
inconsistent with our results. Also, Briaud et al. confirmed that poly-
phenols present lower activity against Gram-negative bacteria (tested on
P. aeruginosa) due to the lack of binding to their walls [63]. The dis-
crepancies may be attributed to the use of different bacteria or a
mechanism of TA action different than those assumed by the above-
mentioned scientists. Furthermore, we also found that 20HA/80TA
films dissolved in broth, which resulted in an increased concentration of
the active compounds. The degradation of tannins by bacterial isolates
was previously documented in literature and is caused by the hydrolysis
of ester bonds by enzymes [64]. We also found that the 50HA/50TA film
was the most effective for inhibiting the Staphylococcus aureus growth.
This may be related to the optimal level of TA in the solution. It was
observed earlier that too high concentration of released TA components
could cause an increase in the bacterial extracellular matrix and such
secretion of polysaccharides may separate bacteria from a reactive
tannin or even form the glycocalyx and glycoprotein complex with TA,
resulting in a reduction of antibacterial properties [65-67]. Moreover,
nanoparticles formed from starch, carboxymethyl chitosan, hyaluronic
acid, and tannic acid also showed excellent antibacterial properties and
additionally facilitated wound healing acceleration [68].

Based on all the obtained results, we chose the 50HA/50TA film as
most suitable for medical applications. This film is characterized by
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appropriate parameters, such as free surface energy, roughness, me-
chanical properties, water permeation, and an antioxidant effect as well
as full biocompatibility and antibacterial properties against Staphylo-
coccus aureus and Escherichia coli.

5. Conclusions

Hyaluronic and tannic acid may be mixed to form thin solid films by
the solvent evaporation method. The films are characterized by low
surface free energy, roughness in the nano scale, antioxidant activity,
and also water vapor permeability. All the tested materials were
compatible with blood and did not cause an irritation effect. However,
only films based on hyaluronic and tannic acid mixed in 50/50 ratio
were fully cytocompatible. Thereby, it may be assumed that they have
the most suitable properties for the application as wound dressing.
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