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Abstract
Aim: Since decades, decellularized extracellular matrix (dECM)-derived materials have received worldwide 
attention as promising biomaterials for tissue engineering and biomedical applications. Soluble dECM is a 
versatile raw material that can be easily engineered into the desired shapes and structures. However, there 
are still some limitations restricting its use, including low hydrophilicity and smooth surfaces, which 
negatively influence cell adhesion/spreading. The objective of the present study was to investigate surface 
modification by nitrogen/hydrogen (N2/H2) low-pressure cold plasma treatment as a potential technique to 
improve the biological response of bovine pericardium dECM films.
Methods: Bovine pericardium dECM was enzymatically digested and lyophilized prior to the preparation of 
thin films via solvent-casting method. Changes in surface properties after plasma treatment were 
investigated using water contact angle (WCA) and X-ray photoelectron spectroscopy (XPS) measurements. 
Immunofluorescence staining and resazurin assay for human dermal fibroblasts (HDFs) cultured on the 
dECM films were used to assess the bioactivity of dECM films. Finally, the hemocompatibility of the films 
was investigated via clotting time and hemolysis assay.
Results: WCA and XPS results revealed that oxygen (O)- and N-containing functional groups were 
incorporated onto the film surface and an increase in hydrophilicity was observed after plasma treatment. 
In vitro experiments showed that cell adhesion in plasma-treated dECM films is much faster if compared to 
the untreated controls. Moreover, the fibroblast proliferation increased after plasma surface modifications. 
Finally, the hemocompatibility analysis results indicated a delayed blood clotting and no hemolytic effects 
for all the tested samples.
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Conclusions: These findings confirmed the potential of dECM as raw material for biocompatible thin films 
fabrication. Additionally, plasma surface treatment emerged as an eco-friendly and cost-effective strategy 
to enhance in vitro cell attachment and proliferation on dECM films, expanding their applications in 
biomedicine.
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Introduction
During the last 20 years, growing evidence has supported the use of natural biomaterials derived from 
extracellular matrix (ECM) for a wide range of biomedical applications, from in vitro to in vivo preclinical 
animal studies up to human clinical trials [1]. The ECM represents a complex three-dimensional (3D) 
network of various macromolecules (such as collagens, elastin, glycosaminoglycans, proteoglycans, and 
glycoproteins), which provides a physical/mechanical support for cells with high impact on cell adhesion, 
proliferation and differentiation [2]. Moreover, ECM plays a critical role in numerous physiological 
activities including cell signaling, tissue growth, tissue remodelling, and homeostasis [3]. Decellularization 
is the process to isolate the ECM by removing antigenic cellular components from human or animal 
organs/tissues employing physical, chemical and/or enzymatic treatments while retaining the 3D 
structure, complex composition, physicochemical signals and biological performance of the natural ECM [4]. 
This allows to generate a 3D biomatrix [decellularized ECM (dECM)] with reduced risk of side effects upon 
implantation, such as inflammation and immune rejection [5]. One of the conventional methods of using 
dECM is as scaffold (tissue pieces or sections) that maintains its original macro- and micro-architecture and 
benefits. However, this limits dECM applications due to the highly specific scaffold geometries and difficulty 
to scale-down [6]. An alternative approach is to process dECM prior its utilization by the so called “post-
decellularization processes”, including acidic enzymatic digestion and lyophilization, which make possible 
to break down the ECM structure and solubilize it into a liquid form [7]. These solutions can finally be used 
to obtain materials with more controllable physic-chemical properties, such as injectable hydrogels, 
electrospun films or bioinks for 3D printing and greatly expands the use dECM-derived biomaterials for 
both in vitro and in vivo applications [8]. Recently, dECM has also been explored for the production of thin 
films which can be applied as scaffolds for tissue regeneration [9] or coatings for metallic/polymeric 
surfaces [10]. Despite the preserved superior properties of dECM-based materials compared to other 
natural polymers to better mimic the in vitro natural cellular microenvironment [11], the steps involved in 
the post-decellularization process and the film fabrication method, such as the solvent-casting technique, 
can alter the initial dECM physic-chemical properties. This will lead to different cell-material interaction, 
different biological responses and finally diverse therapeutic efficacy [12].

As it is well known, one of the main drawbacks of developing thin films for biomedical applications is 
the presence of smooth surfaces characterized by low hydrophilicity and small pore sizes which inhibit a 
good cell adhesion and proliferation [13]. Cell adhesion on a surface represents the first important step in 
ensuring the survival of cells on a matrix, whether natural or synthetic [14]. In fact, this affects the 
subsequent cell expansion and differentiation, ensuring the success of a long-term implantation for each 
biomaterial and medical device [15]. Among the surface properties of any biomaterials, morphology, 
hydrophilicity, surface energy, and chemical composition play an important role in the interaction with the 
biological environment, particularly regarding cell attachment [16]. One of the traditional strategies to 
overcome the issue of an unresponsive material surfaces toward biological system interactions, is the 
surface modification, where the bulk properties of the material remain unchanged, while small alterations 
in the surface allow to obtain required characteristics [17]. During the years, numerous surface 
modification techniques have been developed to improve the bioactivity of biomaterials, by introducing a 
variety of reactive functional groups (usually polar groups) or bioactive compounds, mostly based on wet-
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chemical methods. This classic approach involves the reaction between a surface and a chemical compound 
in a solution and can be performed in any laboratory environment since it does not require specialized 
equipment [18]. Unfortunately, these methods result being non-specific, not reproducible, and they 
generate hazardous chemical waste, cause degradation and irregular surface etching and may not be 
appropriate for larger scale applications [19]. Gas plasma surface treatments have emerged as a promising 
solvent-free and environmentally friendly alternative to wet-chemical methods [20] by significantly 
reducing the amount of the required organic solvents and the toxic waste products [21, 22]. Plasma can be 
described as a partially ionized gas composed of electrons, protons, and free radicals as well as reactive 
species and molecules with sufficient energy to interact with the material surface [23]. By tuning the 
plasma process parameters, such as type of inert gas, pressure, power, and treatment time, the surface 
chemistry of the treated material can be modulated in a controlled, reproducible and homogeneous way 
depending on the requirements and the particular applications [24]. For biomedical applications, plasma 
treatment has been used to improve the biocompatibility of surfaces by increasing the wettability of 
various polymer films, especially synthetic polymers [25–27], and with the incorporation of active 
functional groups, such as hydroxyl, carboxyl, aldehyde, or amine groups. This resulted into enhanced cell-
adhesion properties and bioactivity [14, 28]. However, for natural polymers, only few reports have been 
proposed on plasma surface modification mostly aiming at improving cell-material interaction or to control 
the antibacterial activity or inflammatory response [29–32]. A further important requirement for 
biomaterials and their successful clinical applicability, especially for blood-contacting applications, is the 
hemocompatibility [33]. In general, surface modification by anticoagulants, such as heparin, albumin, or 
chitosan, together with surface covering with endothelial cells, have been utilized over many years to 
improve the hemocompatibility of both synthetic and natural polymer surfaces. However, all these methods 
need additional complex and expensive pre-treatment procedures, often involve chemicals difficult to 
completely remove, and a limited degree of success is often reported [34]. In the last years, low-pressure 
plasma surface modification has been considered as one of the promising methods to enhance the 
hemocompatibility of biomaterials. The procedure is generally rapid, in a dry environment, and samples do 
not need any specific pre-treatment before treatment [35].

In this challenging context, the goal of this study was to investigate if and how cold plasma-based 
surface modification of dECM thin films impacted their biological performances. Low-pressure cold plasma 
was applied to uniformly treat bovine pericardium dECM-based film surface. A nitrogen/hydrogen (N2/H2) 
blend was used as process gas due to the lower toxicity compared to traditional ammonia (NH3) gas and the 
well established cell adhesion promotion properties of N-rich plasma-treated polymer films [24, 26, 36, 37]. 
Physicochemical features of the dECM film (dECMf) surface, before and after plasma treatment, were 
investigated using X-ray photoelectron spectroscopy (XPS) analysis, contact angle measurements and 
tensile strength tests. Furthermore, fibroblasts in vitro attachment and proliferation on native and modified 
dECMfs were assessed as well as their hemocompatibility. So far, no studies were found in the current 
state-of-the-art on the effects of plasma treatment on dECM-based biopolymers and/or dECMfs in terms of 
bioactivity. The results validated the potential of processed decellularized bovine pericardium ECM as 
biomaterial for the preparation of thin films, and low-pressure cold-plasma treatment as suitable technique 
particularly indicated to improve their biological performances.

Materials and methods
Preparation and characterization of the dECMf

dECMfs were obtained using decellularized bovine pericardium kindly provided by Tissuegraft Srl (Novara, 
Piedmont, Italy; Italian patent number 102020000007567, patented on 29 April 2022; International patent 
number PCT/IB2021/052779 submitted on 2 April 2021) [38]. The films were prepared by a conventional 
solvent-casting method. Firstly, decellularized pericardia were enzymatically digested 10 mg/mL of milled 
dECM dissolved into 0.01 mol/L hydrochloric acid (HCl, cat# 320331, Sigma Aldrich, Oakville, ON, Canada) 
solution containing 1 mg/mL of pepsin from porcine gastric mucosa (cat# P7012, Sigma Aldrich, Oakville, 
ON, Canada) and then lyophilized to obtain dECM powder. For the film preparation, 1.2 g of the as-obtained 
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lyophilized dECM was added to 100 mL of 0.05 mol/L acetic acid and dissolved under constant stirring. 
This solution (4 mL) was then poured into a 37 mm diameter Teflon mold and the solvent left evaporated at 
room temperature in a home-made chamber using a dried-air flow for 12 h. Afterwards, the dried film was 
rinsed three times with deionized water and dried overnight at room temperature. The final obtained film 
was easy to peel off and approximately 50 μm thick. Fourier-transform infrared spectroscopy (FTIR) was 
performed on the lyophilized dECM and dECMfs using a Cary 660 series (Agilent Technologies Inc., Santa 
Clara, California, USA) associated with an attenuated total reflectance block (GladiATR, Pikes Technologies 
Inc., Fitchburg, WI, USA). All the spectra were recorded in absorption mode from 400 cm–1 to 4,000 cm–1. 
The background spectrum was subtracted and a baseline correction was performed.

Low-pressure microwave plasma treatment

The plasma treatment on dECMfs was carried out by a microwave sourced low-pressure plasma system 
(Plasmionique Inc., Varennes, Quebec, Canada). The samples were placed in the chamber 5 cm from the 
plasma discharge region. The reactor chamber was first pumped down to a pressure below 1 μTorr for 
60 min. Subsequently, plasma was ignited at 100 kW using a pressure of 300 mTorr. Each sample was 
treated for 60 s on both the top and bottom sides using a combination of N2 and H2 as reactive gases (N2:H2 
pressure ratio 1:1). The plasma-treated dECMfs (dECMf*) were directly used for all the tests afterwards. 
Untreated films were taken as controls.

XPS analysis

The atomic chemical composition of untreated and dECMf* surfaces was analyzed by XPS using a PHI 5600-
ci equipment (Physical Electronics, Chanhassen, MN, USA), on an area of 500 µm at a collecting angle of 45° 
with respect to the surface normal. A standard Al Kα (1,486.6 eV) X-ray source was used to record the 
survey spectra, while high resolution spectra of C1s, N1s and O1s were recorder with a standard Mg Kα X-
ray source (1,253.6 eV). The charge referencing for all spectra was done by setting the C1s hydrocarbon 
peak at 285.00 eV. The curve fittings for high resolution XPS spectra were performed by employing 
Gaussian-Lorentzian functions, followed by subtraction of the Shirley-type background. Duplicate samples 
per each condition were analyzed.

Contact angle measurement

The static water contact angle (WCA) of the dECMfs and dECMf* was measured at room temperature by 
sessile drops technique, using a VCA optima XE (AST Products, Billerica, MA, USA) instrument. A drop of 
deionized water (0.5 μL) was deposited onto the surface. The contact angle was measured by image 
analysis with AutoFAST imaging software. For each film, at least five measurements on different locations 
were averaged and three replicates per condition were tested.

Uniaxial tensile tests

Uniaxial tensile tests were performed on the samples using an Instron E1000 (Instron Corporation, 
Norwood, MA, USA) equipped with a 10 Newton load cell at room temperature. Tensile grips modified with 
rubber straps were employed to avoid sample slippage. The films were cut into a dog-bone shape of 
1.25 cm wide and 3 cm long, with a narrowed central region approximately 0.85 cm wide and 0.75 cm long. 
The main thickness of each sample was measured in five different points by using a digital caliper to ensure 
uniformity. Specimens were subjected to uniaxial tension at a rate of 5 mm/min until rupture. Young’s 
modulus (E) and ultimate tensile strength (UTS) were determined from stress-strain curves. These 
measurements were done in triplicate.

In vitro cell culture

Human dermal fibroblasts (HDFs, cat# C0135C, Thermo-Fisher, Saint-Laurent, Quebec, Canada) were used 
in the following experiments. Briefly, HDFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
cat# 11965092, Gibco™, Invitrogen Corporation, Burlington, ON, Canada) with 10% fetal bovine serum 
(FBS, cat# 12483-020, Gibco™, Invitrogen Corporation, Burlington, ON, Canada), penicillin- streptomycin 
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(10,000 U/mL, cat# 15140122, Gibco™, Invitrogen Corporation, Burlington, ON, Canada). The cells were 
maintained at 37°C in a saturated atmosphere at 5% carbon dioxide (CO2). Media was changed every two 
days until a 90–95% confluence was reached. At this point, cells were detached from the plate using trypsin 
and then re-plated at a ratio of 1:5 or used for experiments. For the experiment hereby reported, cells have 
been used at passage 7.

Cell adhesion and viability assay

In order to carry on the cell adhesion and viability tests, dECMfs and dECMf* were previously prepared as 
follows. Briefly, both films were reduced to circular-shaped samples with a surface of about 0.8 cm2 and 
transferred into a 48-well plate. After the sterilization under ultraviolet (UV) irradiation (wavelength 
256 nm) for 1 h, the samples were rehydrated with sterilized deionized water three times. Thereafter, 300 
μL of cellular suspension were kindly inoculated onto each sample to reach a seeding concentration of 5 × 
104 cells/cm2. The cell culture was conducted for up to 7 days.

To evaluate the cell adhesion on dECMfs, immunofluorescence staining was performed. HDFs have 
been seeded on samples for the different experimental conditions as previously described for the cell 
viability assay. After 6 h of incubation at 37°C in a saturated atmosphere at 5% CO2, cells have been fixed 
with 3.7% formaldehyde (cat# 252549, Sigma Aldrich, Oakville, ON, Canada) for 20 min. Afterwards, the 
fixed cells were permeabilized with 0.5% Triton X-100 (cat# T9284, Sigma Aldrich, Oakville, ON, Canada) 
and blocked with 3% bovine serum albumin (BSA, cat# A2153, Sigma Aldrich, Oakville, ON, Canada) in 
phosphate buffered saline (PBS, cat# P3813, Sigma Aldrich, Oakville, ON, Canada). Then cells have been 
incubated for 1 h at room temperature with rhodamine-conjugated phalloidin (1:200; cat# P1951, Sigma 
Aldrich, Oakville, ON, Canada) to stain the cells’ actin filaments. Nuclei have been counter-stained with 4’,6-
diamidino-2-phenylindole (DAPI, cat# D3571, Invitrogen™ Thermo-Fisher Scientific, Saint-Laurent, Quebec, 
Canada). Afterwards, samples were placed on microscope slide for image acquisition. Images at a 
magnification of 20× have been collected using a Confocal Microscope (Zeiss NTS Ltd., White Plains, NY, 
USA).

Cell proliferation on dECMfs and dECMf* was evaluated through a resazurin assay (cat# 199303, 
MilliPore Sigma, Oakville, Canada). After 1 day, 3 days, and 7 days, the culture media was removed, and the 
cells were incubated for 4 h with a resazurin solution. Finally, the medium containing the produced 
resorufin was collected and fluorescence intensity (excitation wavelength of 545 nm and emission 
wavelength of 590 nm) was measured with a SpectraMax i3x Multi-Mode Plate Reader (Molecular Devices, 
San Jose, California, USA). The number of living cells is directly proportional to the fluorescence value. The 
cells cultured on the surface of tissue culture-treated plastic were used as control. The assay was carried 
out in triplicate for each time point.

Hemocompatibility tests

To study the hemocompatibility of the dECMfs before and after plasma treatment, clotting time and 
hemolysis tests were carried out. Both tests were performed using whole human blood samples obtained 
from a healthy donor (CHU de Quebec ethic approval for human blood collection: SCH11-09-091). Blood 
samples were collected in sodium citrate tubes and used within 2 h from their collection. Circular-shaped 
dECMfs and dECMf* (diameter = 1 cm and thick = 0.5 mm) were placed in a 24-well plate and sterilized on 
both sides by UV irradiation before testing. A triplicate for each condition was used.

For the clotting time test, 50 μL of citrated blood were added on the surface of each sterile sample. 
Tissue culture-treated plastic was used as control. After that, 10 μL of 0.1 mol/L calcium chloride (CaCl2, 
cat# 223506 Sigma Aldrich, Oakville, ON, Canada) were added to inhibit the anti-coagulant effect of the 
citrate and the samples were immediately incubated at 37°C for specific time points (0 min, 15 min, 30 min, 
45 min, and 60 min). At the end of each time point, 1 mL of deionized water was added to each sample. The 
erythrocyte not entrapped in a blood clot were hemolyzed. One min later, the obtained solutions containing 
the free hemoglobin were aliquoted into a 96-well plate and the absorbance was measured at 540 nm using 
SpectraMax i3x Multi-Mode Plate Reader. Absorbance is proportional to the amount of free hemoglobin. 
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Therefore, the higher the absorbance, the higher the amount of free hemoglobin, the higher the 
hemocompatibility.

For the hemolysis test, the collected whole blood was first diluted in PBS 1× to a final ratio of 4:5 (4 
parts of citrated blood and 5 parts of PBS 1×). In the meantime, each sample was pre-incubated in a 15 mL 
tube with 10 mL of PBS 1× at 37°C for 30 min. PBS 1× and deionized water were used as negative control 
and positive control, respectively. After the incubation time, 200 μL of diluted blood were added and mixed 
by carefully inverting each tube. At this point, samples and controls were incubated at 37°C for 1 h. 
Afterwards, the tubes were centrifuged at 800 g for 5 min. Supernatants containing red blood cell lysate 
were collected and 100 μL aliquots were placed in a 96-well plate. To measure released hemoglobin, the 
absorbance [optical density (OD)] at 540 nm was measured using a SpectraMax i3x Multi-Mode Plate 
Reader. The percentage of hemolysis was calculated according to the following equation:

Where ODS represents the absorbance of the sample analysed, ODCTLpos and ODCTRLneg are the 
absorbance of the PBS 1× solution and the deionized water, respectively.

Statistical analysis

All data generated in the experiments were reported as mean value ± standard deviation (SD). GraphPad 
software (Prism 10 Version 10.1.2) has been used for statistical analysis. For 2-group comparisons, an 
unpaired t test with Welch correction has been applied. To compare more than 2 groups, one-way analysis 
of variance (ANOVA) analysis followed by Tukey post-hoc test has been performed. Values of P < 0.05 have 
been considered significant.

Results
FTIR analysis of dECM and dECMfs

FTIR spectra of the lyophilized dECM and dECMfs are shown in Figure 1. Both spectra showed the typical 
peaks of type I collagen, such as a broad absorption band for amide A (3,318 cm−1) and amide B (3,078 
cm−1), mainly associated with the stretching vibration of N-H groups [39, 40]. Moreover, it was possible to 
observe the strong peaks of amide I (1,648 cm−1) and amide II (1,554 cm−1) which are typical of proteins 
and correspond to the stretching vibration of C=O bonds and the N-H bending combined to C-N stretching 
vibrations, respectively. Finally, the amide III band was detected at 1,236 cm−1 which can be assigned to the 
C-N stretching, N-H bending vibrations and wagging vibrations of CH2 groups in the glycine backbone and 
proline side chains [41, 42].

Chemical surface changes induced by plasma

Chemical changes on the treated dECMf surface were monitored by XPS analysis. As already mentioned, the 
must abundant protein in the dECM is collagen, which present a high percentage of oxygen (O) followed by 
N and carbon (C) [43]. The variation in the relative surface concentration of O, N, and C, together with N/C 
and O/C ratios of the untreated as well as the plasma-treated films, are shown in Table 1. After N2/H2 
plasma treatment, an increase in the relative N content (13.1% ± 1.1%) and N/C ratio was observed, as 
expected. At the same time, the treated samples exhibited higher relative O content (20.3% ± 1.1%) and 
higher O/C ratio. The variation of chemical composition for the plasma-treated films was confirmed by 
peaks deconvolution of the XPS high resolution C1s spectra (Figure 2). In both treated and non-treated 
surfaces, three main peaks were identified at 285.0 eV, 286.4 eV and 288.1 eV which can be assigned to C-
C/C-H, C-O/C-N and N-C=O bonds, respectively [37, 44]. Concerning the dECMf*, a decrease in the C-C/C-H 
bond (from 46.1% ± 2.8% to 36.6% ± 2.5%) has been compensated with an increase in the contribution of 
the amines C-N (from 17.8% ± 2.2% to 21.2% ± 2.0%) and the amides -N-C=O (from 10.4% ± 0.8% to 15.6% 
± 1.05%) (Figure 2B).
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Figure 1. FTIR spectra. A. lyophilized dECM; B. dECMfs. a.u.: arbitary unit

Table 1. Surface chemical composition obtained from XPS survey spectra and WCA of dECMf surface before and after plasma 
treatment

Sample C (%) O (%) N (%) N/C O/C WCA (°)
dECMfs 74.3 ± 0.7 15.5 ± 0.8 7.8 ± 0.6 0.11 ± 0.01 0.21 ± 0.01 92.4 ± 1.5
dECMf* 64.5 ± 1.9 20.3 ± 1.1 13.07 ± 1.1 0.20 ± 0.02 0.31 ± 0.03 86.1 ± 0.5
A statistically significant variation in the relative surface concentration of C (P = 0.0108), O (P = 0.0111) and N (P = 0.0225) was 
observed. The WCA showed a significant decrease after plasma treatment (P < 0.0001). Statistical analysis: unpaired t test with 
Welch correction

Figure 2. High-resolution C1s XPS spectrum. A. dECMfs; B. dECMf*

Effects of plasma on the hydrophilicity of dECMfs

The changes in hydrophilicity of the film surface after plasma treatment have been assessed using WCA 
measurement. As shown in Table 1, the WCA decreased significantly from 92.4° ± 1.5° in the untreated 
dECMfs to 86.1° ± 0.5° after N2/H2 plasma treatment. Moreover, the obtained moderate hydrophilicity of 
the dECMf* promoted a slow and moderate degradation of the samples after 28 days of incubation in PBS 
1× solution at 37°C (data not shown).
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Evaluation of dECMfs stability and mechanical properties

The mechanical properties of treated and untreated dECMfs were evaluated. In Table 2, the UTS and E 
obtained from the stress-strain curves for both dECMfs and dECMf* are reported. The data put into 
evidence that both the tensile strength and elastic modulus of the dECMf*, resulted no different compared 
to the untread films. Particularly, it was found that the untreated films showed a linear-elastic response 
with an E of 4.2 MPa ± 0.5 MPa, until an UTS of 17.9 MPa ± 4 MPa. Concerning the dECMf*, a maximum UTS 
of 17.4 MPa ± 4 MPa and E of 4.4 MPa ± 0.5 MPa were recorded.

Table 2. Mechanical properties of untreated and dECMf*

Sample UTS (MPa) E (MPa)
dECMfs 17.9 ± 4 4.2 ± 0.5
dECMf* 17.6 ± 4 4.4 ± 0.5
No difference was observed for UTS (P = 0.0255) and E [P = 0.7017 non-significance (ns)]. Statistical analysis: unpaired t test 
with Welch correction

Figure 3. Biological characterizations of dECMfs and dECMf*. A, B. Confocal microscopy images of DAPI and 
rhodamine/phalloidin staining HDFs after 6 h of incubation at 37°C on dECMfs and dECMf* respectively. Cell nuclei stained with 
DAPI appear in blue; actin filaments of cytoplasm stained with rhodamine-phalloidin appear in red. C. Cell viability evaluated by 
resazurin assay after culturing HDFs on dECMfs and dECMf* for 1 day, 3 days and 7 days. * P < 0.05, ** P < 0.0001 significant 
differences compared with cell-culture plastic control (CTRL); # P < 0.05 significant differences between dECMfs and dECMf*. 
CTRL vs. dECMfs: day 1, 3, and 7, P < 0.0001. CTRL vs. dECMf*: day 1, P = 0.0205; day 3, P = 0.0484; day 7, P = 0.0664, 
non-significance (ns). ECM vs. dECMf*: day 1, P = 0.1313, ns; day 3, P = 0.0484; day 7, P = 0.0664, ns. Statistical analysis: 
ANOVA followed by Tukey post-hoc test

Cell behavior on dECMfs after N2/H2 plasma treatment

HDFs adhesion onto the untreated and dECMf* was investigated by analyzing confocal micrographs of 
DAPI/rhodamine-phalloidin stained cells. The images were captured after 6 h of culture at 37°C and 5% 
CO2. As can be observed in Figure 3A and 3B, cells were able to adhere on both substrates. However, despite 
the presence of few cells on the control film (untreated surface) showing an elongated phenotype, the 
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majority of the seeded HDFs show a phenotype referable to an early-stage cell adhesion (Figure 3A). On the 
contrary, Figure 3B shows more cells with an elongated, spindle-like shape, typical for fibroblast cells, for 
the dECMf*.

Comparable results were obtained by cytocompatibility tests and are shown in Figure 3C. HDFs 
viability on dECMfs and dECMf* was evaluated after 1 day, 3 days and 7 days after seeding using a resazurin 
assay. Cell proliferation on both samples was clearly reduced compared to the CTRL. However, higher cell 
viability was observed on dECMf* on day 1 compared to the untreated dECMf. This is in accordance with 
the results observed for the adhesion test. In addition, the cell proliferation rate on dECMf* remained 
remarkably higher than dECMfs from day 1 to day 7.

Effect of plasma on dECMf hemocompatibility

The anticoagulant activity of dECM and dECMf* has been evaluated using the clotting time. The whole 
human blood was allowed to clot up to 60 min on all the surfaces, and the amount of free hemoglobin 
released after addition of deionized water, was measured every 15 min (Figure 4A). As expected, at time 
point “0 min” the blood did not coagulate for both the conditions tested. Therefore, this value was 
considered as maximal hemocompatibility and used as reference for further time points. Both untreated 
and treated films showed a higher anticoagulant activity than the plastic control for all the time points 
analyzed. Additionally, dECMf* showed a higher hemocompatibility compared with the untreated film after 
15 min and 30 min of incubation, even if not statistically significant. On the contrary, no significant 
differences were observed between dECMfs and dECMf* for the next two time points (45 min and 60 min).

Figure 4. Hemocompatibility tests. A. Relative hemocompatibility of dECMfs and dECMf* in contact with whole human blood 
from clotting time tests at 0 min, 15 min, 30 min, 45 min, and 60 min; B. hemolysis of dECMfs and dECMf* in contact with whole 
human blood for 1 h. Cut-off: critical hemolysis value outlined in the standard practice for assessment of hemolytic properties of 
materials (ASTM F756) standard for assessment of hemolytic properties of materials. * P < 0.05, ** P < 0.01, *** P < 0.0001 
significant differences compared with CTRL. CTRL vs. dECMfs: 15 min, P < 0.0001; 30 min, P = 0.0042; 45 min, P < 0.0001; 6
0 min, P = 0.0003. CTRL vs. dECMf*: 15 min, P = 0.0029; 30 min, P < 0.0001; 45 min, P = 0.0021; 60 min, P < 0.0001. dECMfs 
vs. dECMf*: 15 min, P > 0.9999 non-significance (ns); 30 min, P = 0.9922 ns; 45 min, P = 0.2395 ns; 60 min, P > 0.9999 ns. 
Statistical analysis: ANOVA followed by Tukey post-hoc test

The hemocompatibility of the samples was also evaluated using the hemolysis test which measures the 
ability of a material to cause rupture of red blood cells. The graph in Figure 4B shows the hemolysis assay 
after exposing dECMfs to whole human blood for 1 h at 37°C. Both the untreated and plasma-treated films 
showed a percentage of hemolysis lower than the 5% threshold, which is the critical hemolysis value 
outlined in the ASTM F756 standard for assessment of hemolytic properties of materials [45].
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Discussion
The dECMfs used in this study were obtained by solvent-casting method of lyophilized-digested bovine 
pericardium dECM. As reported in a previous study [46], the as-mentioned bovine pericardium dECM is 
mainly composed of type I collagen (approximately 90%). Since film preparation methods could affect 
dECM final properties including structure, physicochemical and mechanical characteristics [12], FTIR 
spectroscopy was performed to determine whether the native dECM composition persists after the film 
preparation. The obtained spectra (Figure 1) were comparable and displayed the typical bands of type I 
collagen, including amide A and amide B, amide I, II and III (Figure 1). As reported in literature, the 
presence of the amide bands in the infrared (IR) spectra confirmed an intact triple-helical structure of type 
I collagen [39] despite the film preparation.

To monitor the effects of N2/H2 low-pressure plasma treatment on chemical and physical properties of 
dECMfs, various analysis have been conducted in this work.

The incorporation of functional groups on the plasma-treated films was identified using XPS analysis. 
At first, an increase in the relative N content and N/C ratio was observed (Table 1). In fact, as reported in 
literature, N-rich plasmas, such as N2 and NH3 plasmas, are primarily applied for the incorporation of N on 
polymeric surfaces [47, 48]. In addiction, the dECMf* showed higher relative O content and higher O/C ratio 
(Table 1). The presence of O after non-O plasma treatments is a common phenomenon. This can be 
explained by the interaction of the treated samples with the ambient wet air during the sample storage. In 
particular, the free radicals and high react species generated by the plasma treatment act as the basis for 
certain reactions with O2 and water vapor which induce a post-plasma functionalization [49]. Furthermore, 
the results of peaks deconvolution of the XPS high resolution C1s spectra (Figure 2) may explain the 
aforementioned increase in the N/C ratio after N-rich plasma treatment. In numerous works in literature, 
the same functionalization (N-containing and O-containing functional groups) on natural polymeric films, 
including cellulose-based [50], chitosan-based [51] and collagen-based films [29], is reported after N-rich 
plasma treatments.

One of the most important factors determining cell-material interaction is surface wettability [52]. 
Commonly, a moderate wettability (between 10° and 90°) is preferred [53] since both super-hydrophilicity 
(WCA < 2°) and super-hydrophobicity (WCA > 150°) are not favorable conditions for cell adhesion and 
proliferation on polymeric surfaces [54]. In this study, an increased hydrophilicity has been observed in the 
plasma-treated samples (Table 1), as expected, according to the insertion of both N- and O-containing 
functional groups on the surface. In fact, it is well-known that the presence on polymeric surfaces of both 
polar groups [47, 55] plays a key role in improving the wettability. These results can guarantee good cell-
polymer interactions suitable for further in vitro and in vivo applications [56].

In the design of engineered biomaterials, mechanical characteristics is one of the important aspects to 
consider for their applications in any biomedical science [57]. Hence in this work, the influence of plasma 
treatment on the tensile strength of the dECMfs was evaluated. Particularly, UTS and E were investigated. A 
non-statistically significant difference has been recorded between the dECMfs and the dECMf* for both UTS 
and E data (Table 2). This is in accordance with some studies, where N2 cold-plasma treatment had no 
considerable effects on the bulk mechanical properties of polymeric films based on natural [58] or synthetic 
polymers [59].

A delayed adhesion of HDFs has been observed in the confocal image of the untreated films (Figure 3A) 
which corresponded to a lower cell viability after 24 h of culture. By contrast, the promoted cell adhesion 
after 6 h of seeding on the plasma-treated films (Figure 3B) leads to increased cell growth on the plasma-
treated films for all the 7 days of culture (Figure 3C). These results were similar to the reported literature, 
where the hydrophilicity and high polarity of the polymeric surfaces using different plasma treatments 
were recognized as optimal way to regulate cell-biomaterial interactions [60]. Particularly, the 
incorporation by plasma of N-containing groups, such as amine and amide, plays an important role for cell 
adhesion and growth. One advantage may be the positive charge of a fraction of them at the physiological 
pH, which promotes cell-material interaction due to the negative charge of cell membrane. In their work, 
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Yang et al. [61] examined the adhesion and proliferation of mouse 3T3 fibroblast cells on NH3 plasma-
treated poly-D, L-lactic acid (PDLLA) films. After 4 days of culture, plasma modified surfaces yielded a 
higher number of cells attached and a faster rate of growth compared to the untreated control films. 
Recently, Davoodi et al. [62] demonstrated that by applying O2 and N2 low-pressure, non-thermal plasma on 
poly-lactic acid (PLA) films, fibroblast cells (L929) tended to better attach, spread and migrate across the 
treated surface. Considering natural polymer, an interesting work of Prasertsung et al. [63] showed how N2 
plasma can modify the surface of gelatin films and influence the behavior of two different cell lines (mouse 
fibroblast L929 and rat bone marrow-derived mesenchymal stem cell (MSC). Both cells exhibited greater 
adhesion and proliferation on the treated surfaces compared to the untreated surfaces.

Finally, dECMfs showed good hemocompatibility results in terms of blood coagulation risk and 
hemolysis percentage before and after plasma treatment. Particularly, the results of clotting time test 
suggested that the blood clotting was delayed on dECM plasma-treated surfaces, which is comparable to 
what other authors observed for plasma-treated synthetic polymers, such as, PLA, polycaprolactone (PCL) 
and polyethylene (PE), using O2, argon (Ar), N2 or NH3 as gases [64, 65]. As it is well known, collagen is the 
main component of ECM and one of the major proteins involved in initiating hemostasis when in contact 
with flowing blood [66]. Therefore, in clinical treatments, collagen is often combined with anticoagulants, 
such as heparin [67] or hyaluronic acid [68], to regulate its thrombogenic activity. In the present study, 
plasma surface treatment allowed to modify the surface of dECMfs with an enhanced hemocompatibility 
activity using a one-step procedure and avoiding the addition of secondary macromolecules. These 
preliminary findings show the potential of plasma-treated dECM materials for future clinical applications 
also involving material-blood contact.

In conclusion, dECM-based biomaterials have recently emerged as an ideal platform for tissue 
engineering and biomedical applications especially due to the unique biological advantages compared to 
other natural polymers [69]. However, there are still several key limitations that will need to be overcome 
in order to expand their future applications, including optimization of dECM final forms and bioactivity 
after post-decellularization processes [70]. In the present study, surface modification by low-pressure 
N2/H2 cold-plasma treatment was successfully used to improve cell-material interaction of bovine 
pericardium dECM-based films. The plasma treatment did not affect the bulk properties, as tensile strength, 
of the film resulting very close to the unmodified one. Due to the presence of new polar functional groups, 
such as C-O/C-N bond and -N-C=O amide groups, and higher surface wettability, fibroblast cells cultured on 
such plasma-modified dECMfs exhibited faster adhesion and improved proliferation compared to the 
unmodified films. As mentioned above, the decellularized bovine pericardium used in this work for the 
dECMf preparation is mostly made of type I collagen [46]. It is well known that one of the major problems 
of collagen-based surfaces is the intrinsic thrombogenicity which limits their clinic applications [71]. The 
experimental results obtained in this study revealed interesting hemocompatible properties for both 
untreated and dECMf*. To conclude, this preliminary work confirms the potential of the dECM as a valid 
alternative biomaterial to the traditional synthetic and natural polymers for films preparation. Moreover, it 
opens the door to future research of the low-pressure cold-plasma process as an effective and 
environmentally friendly surface treatment for improving dECMf bioactivity and expand their applications 
for biological and medical research.
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