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Aim: Cell microenvironment contains a plethora of information that influences cell modulation. Indeed,
the extracellular matrix plays a central role in tissue development. Reproducing the cell–extracellular
matrix crosstalk able to recapitulate both physical and biochemical signals is crucial to obtain functional
tissue models or regenerative strategies. Materials & methods: Here, a combined method is proposed
to easily functionalize collagen surface films, tailoring morphological properties. Oxygen nonthermal
plasma treatment and glyco-conjugation with chondroitin sulfate are used to modify surface properties.
Results: It results in higher adhesion, proliferation and morphological organization of U87 glioblastoma
cells. Conclusion: Our finding suggests new promising strategies for the development of collagen-based
biomaterials, which can be employed for advanced in vitro models.

First draft submitted: 26 October 2023; Accepted for publication: 24 January 2024; Published online:
22 February 2024

Keywords: biomaterials • chondroitin sulfate • collagen • ECM mimic • glycans • plasma

The extracellular matrix (ECM) has a driving role in cell fate modulation [1] in healthy and pathological states.
Different ECM components and microenvironmental factors are involved in the crosstalk with cells [2]. In glioblas-
toma, in particular, the contribution of the ECM seems to be critical in the tumor development, progression and
resistance to therapies [3]. To decipher the combination of signals provided by the ECMs that determine the cell fate,
a large number of synthetic ECMs covering as much as possible the range of their morphological and biochemical
properties is needed [4].

Collagens (COLs) [5,6] and glycosaminoglycans (GAGs), which are ubiquitous components of native tissues, are
widely employed for the fabrication of scaffolds mimicking natural ECM [7,8]. Indeed, COL is known to play a role
in cell adhesion and proliferation [9]. Between sulfated GAGs, chondroitin sulfate (CS) is largely present in the ECM
and in the glycocalyx where it plays crucial roles in cell adhesion, signaling, differentiation and migration [10,11].
Importantly, it governs the kinetics of integrin transport and the assembly of integrins into mature adhesion
sites [12–15]. Atypical accumulation of CS has been observed in pathological conditions such as glioblastoma [16,17].
Hence, the potential CS-GAGs’ interaction with cell motility and adhesion factors suggest the possibility of a
plausible mechanism driven by CS-GAG sulfation that contributes to brain tumor invasion.

For this reason, COL and CS are widely used to design materials with potential biomedical applications, especially
for tissue regeneration and wound healing [18–22]. The development of hybrid biomaterials composed by COL and
CS has been investigated for biomedical applications using both blended and crosslinked scaffolds [23–25]. Recently
the same approach has been applied to in vitro culture for the generation of biopolymers and tools able to replicate
pathological ECMs, such as 3D Glioblastoma Multifome (GBM) models [16,26].

However, the production of ECM mimics is still limited to the development of hybrid systems, where the ma-
jority of the efforts are focused on achieving the required morphology while forgetting the role of the biomolecular
signals. Therefore, methodologies to finely tune both the physical and biochemical properties of the synthesized
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ECM mimetic are still needed [16]. In this scenario, one possibility consists in the surface grafting by nonthermal
plasma (NTP) modification without affecting materials’ bulk properties [27]. NTP in a vacuum generates a few
electrical charges, electrons and ions and many different functional groups, depending on the gas precursor em-
ployed. The nonthermal equilibrium between species ensures low working temperatures and ion fluxes, avoiding
thermal damage of polymeric biodegradable substrates. Surface modification by NTP treatment is a widely used
method to enhance the biocompatibility of biomaterials. Plasma treatment is probably one of the most versatile
surface treatment techniques at the only cost of owning a vacuum system able to host the reactions [28]. Different
types of functionalization can be developed: physical modification (patterned surfaces) [29], chemical modification
(functionalized surfaces) [28] and a combination of physical and chemical modifications (superhydrophobic, su-
perhydrophilic surfaces) [30], in order to modulate wettability, surface topography and surface charge to control
tissue adhesion, growth and proliferation. Modification by plasma treatment is usually induced by different types of
gaseous precursors and is limited to the top surfaces for several hundred angstroms [31]. In particular NTP produced
at low pressure with inert and oxygen gas precursors is able to induce morphological modification at the nanoscale
providing the unique surface properties required by various applications [32], such as the increase of the surface area
by hierarchical ordered nanostructures, and complex fractal interfaces mimicking the surfaces existing in nature [33].
This technique can be efficiently combined with the use of CS in order to benefit from improved adhesion to the
substrate material [34] and cell signaling modulation [35].

Here in this work, we propose the development of hybrid surfaces based on COL modified by NTP treatment
to introduce 3D nanostructured patterns and covalent conjugation of CS to generate bioactivate surfaces able
to actively crosstalk with cells. The proposed approach combines physical and chemical methods to control and
modulate the surface properties in order to study their combined effect using U87 glioblastoma cell line.

Materials & methods
Materials
COL from bovine Achilles tendon, acetic acid, sodium cyanoborohydride, 2-(N-morpholino)ethanesulfonic acid
buffer (MES) hydrate, U87 glioblastoma cell line, fetal bovine serum, penicillin, streptomycin, phosphate-buffered
saline (PBS), bovine serum albumin, sucrose, manganese (II) chloride, paraformaldehyde, DMEM and live/dead
assay kit were purchased from Sigma-Aldrich (Milan, Italy). CS was purchased from Carbosynth (Berkshire, UK).
Ethanol and citrate buffer pH 6.0 were obtained from Honeywell (Monza, Italy). Alexa Fluor 647 Phalloidin
and 4′,6-diamidino-2-phenylindole (DAPI) were from Thermo Fisher Scientific (Monza, Italia). Alcian blue kit
was purchased from bio-Optica (Milan, Italy).

Collagen film formulation

COL films have been formulated using solvent casting technique. COL from bovine Achilles tendon (690 mg) was
dissolved in acetic acid 0.5 M (315 ml). The solution was stirred for 1 h at 40◦C. The suspension was homogenized
with a mixer for 2 min at maximum speed, then blended and placed in five plates (60 ml/each), and left under
the chemical hood for 36 h. The films were then detached by covering them with Milli-Q water and removing
the edges with a spatula. Films’ washing was done with the following steps: 15 min of washing with 20–40 ml
of Milli-Q three times and then 15 min of washing with 10 ml of ethanol. Then, the films were deposited on
polymeric support, left to dry for 30 min and then peeled off. COL films obtained were semitransparent, flexible
and thin. The sample was called COL-CTRL.

Pristine collagen films functionalized with chondroitin sulfate
The COL film (COL-CTRL; 11 cm × 7 cm approximately, 105 mg, 0.036 mmol), obtained as previously
described, was functionalized with CS (COL-CS; the protocol was adapted from [36]). The reaction was performed
in a 12 cm × 8 cm plastic box. Briefly, CS (855 mg, 1.800 mmol) was dissolved in 40 ml citrate buffer solution
pH 6.0 and COL film was immersed in the solution. After 30 min, NaBH3CN (56.5 mg, 0.900 mmol) was added
and the reaction was left overnight. The day after, the film was sequentially washed three times for 15 min with
saturated NaCl, Milli-Q water and ethanol. Then, the COL film was left to dry on polymeric support, and after
30 min peeled off.
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Plasma treatment of collagen films
COL films have been formulated using solvent casting technique obtained as previously described (COL-CTRL)
and then treated with NTP. The vacuum chamber was built in the Plasma Prometeo Center of the University of
Milano-Bicocca. The system is composed of a cylindrical vacuum chamber with some openings, vacuum feed-
throughs and sensors, a gas dispenser and pumping systems providing a low residual pressure of about 10-6 mbar.
Plasma is produced by coupling to a capacitive antenna a radio frequency power generator. The antenna is composed
of two parallel aluminum blades of diameter 19 cm with a distance maintained to 6 cm. The gas is injected into
the chamber through the upper electrode, the surface of which is perforated with small evenly distributed holes.
The antenna is connected to a 13.56 MHz radio frequency generator (Advanced Energy RFX-600, Assago, Italy)
equipped with a matching network transmitting powers of the order of several tens of watts. After evacuation, the
cylinder is filled with oxygen at the pressure of 0.45 mbar. During the plasma treatment, the system works with a
rotary pump, equipped with a liquid nitrogen trap. In the present experiment power was set at 225 W and plasma
treatment time was 2 min.

Plasma-treated COL-CS
The plasma-treated COL (COL-PLASMA) film (11 cm × 7 cm approximately, 105 mg, 0.036 mmol), obtained as
previously described, was then functionalized with chondroitin sulphate (CS). Briefly, CS (855 mg, 1.800 mmol)
was dissolved in 40 ml citrate buffer solution pH 6.0 and the COL film was immersed in the solution. After 30 min,
NaBH3CN (56.5 mg, 0.900 mmol) was added and left overnight. The day after, the film was sequentially washed
three times for 15 min with saturated NaCl, Milli-Q water and ethanol. Then, the COL film functionalized with
CS (COL-CS) was left to dry on polymeric support, and after 30 min peeled off.

Characterization of plasma-treated & functionalized collagen films
FTIR spectroscopy

The FTIR spectra were recorded in attenuated total reflection mode using a PerkinElmer Spectrum 100 FTIR
Spectrometer (MA, USA). The samples have been analyzed at different points of the material. The absorbances of
the samples and backgrounds were measured using 60 scans each. The spectral absorption data were collected in
the range between 4000 and 525 cm-1 at a spectral resolution of 0.5 cm-1. Obtained spectra have been processed
with OriginPro 2021 (64-bit) 9.8.0.200 (Academic) software.

Cell culture

U87 glioblastoma cell line (Sigma-Aldrich) were maintained in adhesion condition in T-75 tissue culture flasks.
U87 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) serum, 100 units/ml
penicillin and 100 mg/ml streptomycin at 37◦C under a humidified atmosphere with 5% CO2.

Biocompatibility

The viability of the cells on different COL films was evaluated using a LIVE/DEAD Viability/Cytotoxicity kit
(Invitrogen R©, Monza, Italy), following the manufacturer’s instructions. The COL films (0.5 cm × 0.5 cm) were
inserted into the wells of a 24-well with ethanol which was then subsequently removed and let evaporate under
the hood until it was completely dry. The COL films were left for 30 min under UV-light for further sterilization.
In total, 1 ml of the stock solutions was added to each sample. The cells were plated with a concentration of
1 × 104 cells/well in a 24-multiwell. After 40 min of incubation at 37◦C the stained samples were washed with
PBS before image acquisitions. Imaging analysis was performed with confocal microscopy, with Zeiss cell observer
spinning disk microscope equipped with a sCmos (Milan, Italy) camera (Hamamatsu Orca Flesh V2.0, Arese, Italy)
10× phase-contrast objective. Cell viability was calculated using Fiji ImageJ software as:

Live Cells

(Live cells + Dead cells)
× 100 = % Cell viability

Cell adhesion rate after 1 day was calculated as a number of red stained cells/time using Fiji ImageJ software.
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Immunofluorescence assay
Cell morphology on COL films was analyzed by actin/phalloidin-DAPI immunostaining. After removing the
culture medium, each well was fixed with 1 ml of 4% paraformaldehyde for 1 h. After three washings of PBS for
15 min, 1 ml of permeabilization solution was added to each well and left for 1 h. The films were washed three times
with PBS and 1 ml of blocking solution was added to each well and left overnight. Then films were washed three
times again with PBS before the staining process. Blocking solution (50 ml) was prepared with 50 ml of PBS, 1.5 g
of bovine serum albumin and 250 μl of Triton. Permeabilization solution (50 ml) was prepared with 5 g of sucrose,
2.5 ml of Triton, 300 mg of MnCl2 and 46.5 ml of PBS. The samples were stained with 1 ml of a DAPI-phalloidin
solution and left overnight. The samples were washed for, at least, 3 days with PBS 1× before imaging. Phalloidin
stock solution was diluted at 1:100, while DAPI stock solution (5 mg/ml) was diluted at 1:1000. Cell imaging
was performed by confocal microscopy. DAPI was used for staining the cell nuclei and phalloidin for the actin
filaments. DAPI was excited at a wavelength of 405 nm (emitted wavelength: 420–520 nm). Phalloidin was excited
at a wavelength of 540–545 nm (emitted wavelength: 570–573 nm).

Scanning electron microscopy analysis
Scanning electron microscopy (SEM) was employed to characterize the surface of the obtained COL films and
scaffold. The morphology of the biomaterials was investigated by using a Field Emission Gun – Scanning Electron
Microscope (FEG-SEM) Zeiss Gemini 500 (Milan, Italy) at 5 kV as voltage. Prior to examination, the samples were
sputter-coated (10-nm gold layer) thanks to an Edwards S150B sputter coater for high-quality SEM applications
(Crawley, West Sussex, UK). Qualitative analysis for surface elemental composition (chemical analysis) was per-
formed by employing the energy dispersive x-ray spectroscopy (EDS) detector, with a working distance of 8.2 mm
between the surface sample and the lens and 15 kV as voltage.

Alcian blue
For the Alcian blue quantification, the wells were rinsed three times with PBS 1× with 1% acetic acid and covered
for 15 min after the application of enough Alcian blue solution. After repeating the rinsing action with PBS to
optimize clarity, the plates were left to dry in hood and absorbance was measured at 630 nm. For the Alcian blue
visualization, the protocol on the data sheet was followed. In short, the COL film was brought to distilled water,
and 10 drops of reagent A were placed on the film. After 30 min of waiting time, the film was drained without
washing. At this point, 10 additional drops of reagent B were applied and allowed to act for 10 min. After a round
of washing in distilled water, 10 drops of reagent C were applied this time and allowed to act for 5 min only. After a
second wash in distilled water, ascending alcohols were exploited to dehydrate the film. The latter was then cleared
in xylene and mounted. At the end, the samples were observed at the confocal microscopy with a 10× objective.
The degree of functionalization (DF) is calculated as:

DF =
A

(
average sample

)

A
(
average control

) × 100

For COL films functionalized with CS (COL-CS), COL-CTRL was used as control. For plasma-treated COL-
CS (COL-PLASMA-CS), COL-PLASMA was used as control.

Statistical analysis
Results are presented as mean ± standard deviation and compared using one-way analysis of variance. Statistical
significance was set at p < 0.05.

Results
In this work COL films were prepared by solvent casting technique (100–200 μm thick) and then functionalized
with CS. In Figure 1A COL film (COL-CTRL) was functionalized with CS exploiting the 5% of lysine residues
of the protein via reductive amination (COL-CS). In Figure 1B the surface of COL film was treated by plasma
treatment (COL-PLASMA) and then functionalized with CS via reductive amination (COL-PLASMA-CS).

Effect of oxygen plasma upon surface topography
The surface topographies of all the samples were observed using SEM. In Figure 2 the untreated COL film
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Figure 1. Functionalization approaches. (A) Reductive amination of collagen film (COL-CTRL) with chondroitin sulfate (COL-CS) and (B)
nonthermal plasma treatment on collagen film (COL-PLASMA) and reductive amination with chondroitin sulfate (COL-PLASMA-CS).
COL-CS: Collagen films functionalized with chondroitin sulfate; COL-CTRL: Control collagen film sample; COL-PLASMA: Plasma-treated
collagen; COL-PLASMA-CS: Plasma-treated collagen functionalized with chondroitin sulfate.

Mag = 25.00 K X
1 µm EHT = 5.00 kv

WD = 7.6 mm

Signal A = lnLens
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Time:14:45:25
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Figure 2. Scanning electron microscopy images. (A) Control collagen film sample, (B) collagen films functionalized with chondroitin
sulfate, (C) plasma-treated collagen and (D) plasma-treated collagen functionalized with chondroitin sulfate.
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Plasma-treated collagen; COL-PLASMA-CS: Plasma-treated collagen functionalized with chondroitin sulfate.
Note: ‘%T’ in the y-axis refers to percentage of transmittance.

(COL-CTRL) presents an amorphous smooth surface without pores, while COL-CS presents an uneven coating
distribution with a consequent increase in roughness. A marked difference is visible in the COL-PLASMA sample,
where the film is characterized by pores resulting in higher roughness and etched features. Finally, in COL-
PLASMA-CS the porous structures are missing in comparison to COL-PLASMA and instead present a smooth and
homogeneous surface not observable in other samples. These features could be related to a differential interaction
between the plasma-treated surface and the CS sulfated chains, resulting in more ordered and homogeneous
structures on the surface of the film.

FTIR & Alcian blue evaluation
To monitor the effective functionalization with CS a FTIR analysis and an Alcian blue assay were performed. In
Figure 3, COL film (COL-CTRL) was compared with the COL-CS, the COL-PLASMA and the COL-PLASMA-
CS.

COL FTIR spectra exhibit absorptions in four characteristic spectral intervals: ν(C=O) absorption of amide I
(1.630 cm-1, purple), δ(CH2) and δ(CH3) absorptions (1380 cm-1, in the light blue area), ν(C–N) and δ(N–H)
absorptions of amide III (1230 cm-1, in the green area), ν(C–O) and ν(C–O–C) absorptions of carbohydrate
moieties (1080 cm-1, marked in yellow) [37,38]. In the CS spectra, the region above 2000 cm-1 is dominated by
the OH stretching vibration, the region around 1350 cm-1 is due to the sulfate, the band at 1242 cm-1 is due to
S=O [39] (highlighted orange) and the peak at 850 cm-1 is due to the C–O–S vibration [40]. It is possible to observe
that the peaks related to amide bonds do not change with the plasma treatment; in particular, peaks of amide
I at 1630 cm-1 and amide III at 1454 cm-1 are comparable to untreated COL spectra. This result indicates the
preservation of COL secondary structures after sample treatments [41].

The presence of CS has been evaluated and characterized also by Alcian blue (Figure 4) [42–45]. The lower
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collagen; COL-PLASMA-CS: Plasma-treated collagen functionalized with chondroitin sulfate; ns: Not significant.

functionalization degree in the COL-PLASMA-CS could be due to a better filming process of the CS coating rather
than a poor functionalization, while the larger amount of functional groups in the COL-CS sample could outline
the presence of larger clusters rather than thin-layer coating of CS.

Next, to evaluate the biocompatibility and the future application for tissue engineering application, U87-MG cells
were cultured on the surface of COL-CS, COL-PLASMA and COL-PLASMA-CS, while COL-CTRL was used
as a control. First, a live/dead assay at different time points was performed, confirming the biocompatibility of the
functionalized biomaterials. From that, according to literature [46], the cell viability was then quantified (Figure 5B).
Second, the cells were stained using phalloidin/DAPI to get information of their cytoskeleton architectures when
exposed to the different treated COL films (Figure 5C). The outcomes of these analyses were the formation of more
complex structures when the NTP and CS modifications were coupled (COL-PLASMA-CS), comparing to the
single treatment COL-CS and COL-PLASMA. Moreover, these findings were also confirmed by the cell adhesion
rate data (Figure 5D) obtaining by counting the red stained cells after 1 day (Figure 5D) [47].

Discussion
As evident from SEM images (Figure 2), visible changes in surface topography can be observed after oxygen treat-
ment. Indeed, while the untreated COL film (COL-CTRL) presents an amorphous relatively smooth surface [19],
the functionalization with CS forms a nonuniform coating on the glycosylated COL films (COL-CS) increasing
the roughness of the film (similar to works reported in literature [48]). The presence of small pores and cluster
structures seems to outline the not complete coating adhesion on the substrate. On the other hand, higher rough-
ness, heterogeneous and porous structures occur in plasma-treated film (COL-PLASMA), as can be appreciated
in Figure 2. In the COL-PLASMA sample, several structures at the microscale in the form of craters and at the
nanoscale in the form of pillars appear. Structures are produced by competitive etching processes, in which energetic
plasma species, such as oxygen atoms and charges, strike the surface promoting chemical reactions generating the
desorption of volatile products in the gas phase, generating cavities on the substrate on the macroscale and pillars at
the nanoscales. The multiscale complex structures behave homogeneously at the nanoscale, where pillars are in the
order of nanometers (diameter of 30–50 nm), in the nanostructured surface [49]. This complex interface impacts
the adhesion of the CS coating and the microscopic signatures on the cell growth.
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While in COL-CS the CS coating was not homogeneous and did not adhere properly, on the contrary, the
COL-PLASMA-CS was covered by a homogeneous and well-adherent CS layer, probably due to the interaction
between the plasma-treated surface and the CS sulfated chains. The better adhesion of the CS coating on the surface
will influence the cells’ growth on the films.

Once confirmed the different surface topographies upon the COL films, the effective functionalization reaction
was then confirmed by FTIR analysis and Alcian blue assay (Figures 3 & 4). Especially from the latter it is possible
to notice that CS is not homogeneously distributed in the COL-PLASMA-CS compared with COL-CS. These
findings were expected. Indeed, as previously shown from SEM images (Figure 2), the NTP treatment leads to the
formation of pillars and structure that prevent the COL film being functionalized uniformly. These data were also
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corroborated by the FTIR spectra from which the peaks corresponding to the sulfated groups are higher in intensity
in the COL-CS compared with COL-PLASMA-CS and by the quantitative functionalization analysis (Figure 4).

Then, we were interested to verify if the different topographies and roughnesses of the COL films have an
impact on cellular behavior and morphology. With this aim, we cultured U87-MG cells on the surface of all the
different samples finding a comparable viability (average of 60% at day 8). For all the functionalized samples an
increase of cell proliferation is notable compared with the untreated COL, especially on day 8, when the cells
adhere to the substrate forming a monolayer (Figure 5B & C). According to literature [18,50], we could observe
higher attachment and proliferation behavior relative to controls (Figure 5). Plasma surface treatment increases the
adhesion properties of the surface to cells [51]. As can be seen in Figure 5D, the rate of cell adhesion in plasma-treated
COL films was increased. More importantly, we can observe different morphology and structural cell organization
on day 10 (Figure 5C). In brief, while the COL-CTRL and COL-PLASMA U87 cell lines appear to grow as
monolayers, in the COL-CS they are exhibiting short filopodia-like structures with dendritic arborization [52–54],
while in COL-PLASMA-CS the cells grow in a more branched arrangement and form a more complex architecture,
starting clustering together. The topography of the ECM can significantly influence cell behavior. The topographical
structure of the substrate has direct and evident effects on the ability of some cellular elements to orient themselves,
to migrate and to reorganize the cytoskeleton. In the presence of different surface morphology the cell adheres to
the substrate, significantly changing the structure of its own cytoskeleton [55]. Due to the dual stimulation the cells
received, the cells on COL-PLASMA-CS grew faster and adhered better to the film. Cells grown on plasma-treated
and functionalized films were stimulated both biochemically (due to CS) and morphologically (due to plasma).
Both contributions are relevant, and this can be evidenced by the fact that the COL-PLASMA-CS sample has an
‘enhanced’ cell proliferation and morphology compared with single treatments.

Conclusion
The generation of bioactive material to mimic the ECM features and replicate the crosstalk between cells and the
microenvironment requires control of the morphological and biochemical properties of the material’s surface. We
find that nonthermal plasma treatment is able to modify the surface of COL films providing scaffolds with improved
properties for cell adhesion and proliferation once the signaling properties have been introduced by functionalization
with CS. Indeed, our double-functionalized material showed higher cell adhesion and proliferation of U87 cells
forming a tissue-like structure, thanks to the more homogeneous CS layer observed by SEM analysis in comparison
to the control.

In conclusion, the NTP and the functionalization with CS results in an interesting methodology to finely tune
and control both physical and biochemical properties for synthesizing ECM mimetics for biomedical applications.

Summary points

• The cell microenvironment contains a multitude of information capable of inducing different cellular modulation.
• The extracellular matrix is a crucial component in the development of functional tissues and its composition

varies in a pathological state.
• To reproduce the cell–extracellular matrix crosstalk is essential to mimic both the physical and the biochemical

signals.
• In this work we proposed a combined method to easily functionalize collagen surface films, also customizing

their morphological properties.
• The physical and structural modification is obtained using oxygen nonthermal plasma treatment, while the

biochemical stimulus is obtained through glyco-conjugation with chondroitin sulfate.
• Both the physical and the biochemical signals introduced led to a different surface morphology, analyzed by

scanning electron microscopy.
• The double-functionalized material resulted in an increased adhesion, proliferation and morphological

organization of U87 glioblastoma cells.
• The nonthermal plasma treatment and functionalization with chondroitin sulfate offer an intriguing strategy to

fine-tune both physical and biochemical properties.
• Our finding suggests new promising strategies for the development of collagen-based biomaterials, which can be

employed for advanced in vitro models.
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