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Abstract.

BACKGROUND: Within the last years the investigation of cellulosic materials got into the focus of biomaterial research
due to biocompatibility, sustainability, ubiquitous deposits and the potential of simple modification. Thereby this material is
an ideal candidate to tailor material properties as charge, swelling, hydrophilicity and elasticity to clinical demands.
OBJECTIVE: In this study a cellulose-based material was functionalized using plasma and gas (O, N,, silane).
METHODS: The effect of material modification on two cell lines using different animal species was investigated using
indirect and direct cytotoxicity analysis. The following parameters were investigated: number of adherent cells, cell viability,
metabolic activity, cell membrane integrity and morphology.

RESULTS: Pristine and functionalized material eluates did not harm 1929 cells and could be classified as non-cytotoxic
according to DIN-EN-ISO 10993. A direct seeding of CHO-cells onto material surfaces showed a similar result. None of the
conducted modifications had a negative effect on CHO-cells. Interestingly, parameters investigated during the study were
positively influenced after material functionalization. In special, the treatment of cellulose with silane improved cell viability,
metabolic activity, cellular adherence and cell membrane integrity significantly.

CONCLUSIONS: Within this study the potential of cellulose-based material functionalization with tailorable effects on
different cell lines was proven. This indicates that all investigated medical grade sponge materials are promising polymers
for applications in clinical routine.
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1. Introduction

Biomaterials are widely used for clinical applications as suture material, as orthopedic implant, as
stent or vascular graft in the cardiovascular field, as wound dressing, oral implant or in regenerative
medicine [1]. Depending on the application and medical needs biomaterials are composed of differ-
ent materials like metals, ceramics or polymers. Several polymers which are applied used as implant
materials were developed first for industrial use. Therefore, these materials do not fulfil all or only partly
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the requirements needed for clinical applications such as biocompatibility or defined physicochemi-
cal properties matching the needs of the surrounding tissue [2]. In the worst case, this can contribute
to the rejection of implants or major adverse events including death. Hence, it is an urgent need for
the development of new biomaterials for clinical applications. Nowadays, the design of new biomate-
rials is also driven by principles of sustainability, eco-efficiency and green chemistry [3]. Therefore,
cellulose moved into the focus of biomaterials research. Cellulose is a widespread biopolymer, which
can be obtained from a huge number of sources such as plant cell walls, tunicates and bacteria [3].
Cellulose is known to be easily functionalized using exposed hydroxyl groups at the surface of fibrils
[3]. Utilizing this special feature of cellulose a better adhesion and higher growth rates of fibrob-
lasts or endothelial cells can be obtained after mannosylation of cellulosic surfaces or modification of
nanocellulose using Xyloglucan—RGD conjugates [4, 5]. The simple modification of cellulose sur-
faces offers a high potential for clinical or diagnostic applications. Currently cellulose is used in the
food industry, for analytical procedures and as medical grade absorbent material. Focus of our study
was the functionalization of a medical grade material (Sugi®, Questalpha) consisted of natural cotton
and cellulose in order to create non-cytotoxic materials with tailored surface properties to control
cellular adhesion. Non-aqueous modification was used to preserve surface properties. A significant
effect like increased cellular adhesion or cell selectivity would recommend the material for further
analyses regarding compatibility with region-specific cells, enabling it as potential implant material
or application in diagnostics. Within this study the following modifications of the cellulose sponges
(Sugi®) were carried out (hereinafter referred as KB-0): i.) plasma activation of cellulose with cova-
lent grafting of ethylene oxide (EO) (hereinafter referred as KB-1), ii.) plasma treatment of cellulose
with O, (hereinafter referred as KB-7) and iii.) chemical vapor deposition after N,-plasma activation
using methyldimethoxysilane (MDMS) (hereinafter referred as KB-9). After material modification, a
pilot study was conducted using two different cell lines. In a first step the influence of material elu-
ates on L.929 cells were investigated (indirect cytotoxicity analysis) in order to detect potential toxic
degradation products, leachables or other factors which could harm cells [6]. In a second step a direct
incubation with Chinese hamster ovary cells (CHO), as a second animal species, was performed (direct
cytotoxicity testing). The direct seeding of cell onto the different material surfaces was performed in
order to determine harmful influences due to surface properties or toxic residues or physicochemical
effects.

2. Materials and methods
2.1. Material modification

Cellulose sponges (Sugi®) were placed at disposal by courtesy of the company QUESTALPHA
GmbH&Co KG, Eschenburg (Germany). Plasma treatment was performed using a low-pressure plasma
oven (Flecto 10, Plasma Technology GmbH, max. power 300 W at 40-100 kHz). Plasma exposure
for 2min in a 11.5 1 chamber, vacuum 0.2 mbar, gas flow 5 sccm for 180s (N, sourced from the
laboratorium gas line and O, from 5 1 O, concentrator Compact 525 from DeVilbiss Healthcare).
Ethylene oxide (EO) treatment system consisted of a 0.5 1 steel autoclave connected on one side to
a 0.3 1 EO steel cylinder purchased from Linde AG and on the other side to an outlet leading into
gas-washing bottles filled with 2.5 % aqueous sulfuric acid as neutralizing agent. EO pressure was
1.2-1.3 bar, leading to a concentration of 2.5 mg. ml~! EO in the reactor (ca. 0.5 g in 200 ml volume).
Silanation was performed in an desiccator with 700 ml useable volume heated in a drying cabinet.
Methyldimethoxysilane (MDMS, CAS-Nr.: 16881-77-9) was purchased from abcr GmbH, Germany.
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2.2. Preparation of material eluate for indirect cytotoxicity testing

The preparation of material eluates was performed according to the guidelines of the ISO standard
10993-12. 1 g of sterile, swollen materials were incubated in Minimum Essential Medium (MEM)
with 5% serum (Biochrom, Berlin, Germany) for 72 h at 37°C [7].

2.3. Cultivation of L929 cells

L1929 cells (DSMZ, Braunschweig, Germany) were cultivated in MEM medium (Biochrom,
Berlin, Germany) with serum. For cytotoxicity analysis cells were trypsinized (TrypLE Express
Enzyme (1x), GibcoTM, Thermofisher Scientific, Berlin, Germany) and seeded on TCP (TPP, VWR,
Darmstadt, Germany) in passage 5 — 8 in MEM with 5% serum for 24 h. Subsequently MEM medium
was removed and cells were cultivated in medium containing material eluates. As negative control
(NC) L929-cells in MEM cultivated on TCP medium were used. As positive control (PC) L929-cells
cultivated in MEM on TCP were used with specific treatment for each test system. The analysis of
cytotoxicity according DIN-EN-ISO-10993-5 was performed after 48 h of incubation with the material
eluate.

2.4. Viability of L929 cells

Viability of L929 cells was investigated using fluorescein diacetate (FDA, Sigma Aldrich, Darmstadt,
Germany) to stain viable cells in green and propidium iodide (PI, Sigma Aldrich, Darmstadt, Germany)
to stain dead cells in red after 48h of eluate incubation [8]. Adherent cells were incubated with 10
g/ml FDA and 4 i g/ml PI for 3 minutes at 37°C. Subsequently, each sample was analyzed at three
different fields of view using fluorescence microscopy (Leica DMI 3000B; Wetzlar, Germany) in 10x
primary magnification.

2.5. Metabolic activity of cells

The analysis of the metabolic activity of cells was performed using CellTiter 96® Aqueous Non-
Radioactive Cell Proliferation Assay (Promega, Walldorf, Germany) according to manufacturer’s
instructions [9]. L929 cells were analyzed after 48 hours of material eluate incubation onto cells,
CHO-cells were analyzed 48 and 96 h after cell seeding on materials surface.

2.6. Cell membrane integrity

Cell membrane integrity was measured after 48h (L929 cells; CHO-cells) and 96h (CHO-cells).
The analysis was performed using LDH-Cytotoxicity Colorimetric Assay Kit II (Biovision, Ilmenau,
Germany) according to manufacturer’s instructions.

2.7. Cultivation of CHO cells for direct cytotoxicity analysis

Chinese hamster ovary cells (CHO, DSMZ, Braunschweig, Germany) were cultivated in Ham’s F12
with serum (Bio&Sell, Feucht, Germany). For the analysis of cell-material interaction, CHO cells were
seeded in passage 11 on the swollen cellulose-based materials (n=6) for a maximum of 4 days. Cell
culture medium was changed 48h after cell seeding.



94 A. Kriiger-Genge et al. / Tailoring material properties of cellulose sponges
2.8. Cell number and cell viability of CHO cells

In order to determine cell number and viability cellulose materials were incubated 48 and 96 h
after cell seeding with trypsin/EDTA (Bio&Sell, Feucht, Germany) for 5 minutes with subsequent
centrifugation and resuspension of the cell pellet in Ham’s F12 with 9% FBS (Bio&Sell, Feucht,
Germany). Cell number and cell viability were detemined using Innovatis Casy Cell counter (Biovendis,
Mannheim, Germany).

2.9. Immunocytochemical staining of F-actin

48 and 96h after cells seeding CHO-cells were fixed with 4% formaldehyde. Subsequently,
Phalloidin-iFluor (abcam, Cambridge, USA) was applied according to manufacturer’s instructions
[10].

2.10. Microscopy

The morphology of 1929 and fluorescence of CHO cells were assessed using phase contrast
microscopy or fluorescence microscopy (Leica DMI 3000B; Wetzlar, Germany) in 10x primary
magnification.

2.11. Statistical analysis

For all samples arithmetic mean and standard deviation is given. Statistical analysis was performed
using GraphPad Prism 8 (San Diego, USA). For two sample problems two-sided student’s z-test for
unpaired samples was used. Statistical differences were considered significant if p <0.05.

3. Results
3.1. Indirect cytotoxicity analysis of Sugi® eluates

In order to investigate the cytotoxicity of the conducted material modifications an analysis of the
material eluates was performed (DIN-EN-ISO-10993-5, indirect cytotoxicity analysis). Eluates were
incubated with 1929 cells for 48 h. Thereafter cell number, cell viability, metabolic activity, cell
membrane integrity and cell morphology were analyzed. Subsequently, a final assessment regarding
the cytotoxicity according to the ISO standard was accomplished. Cells cultivated on TCP in pure cell
culture medium were used as negative control (NC). As positive control (PC) cells cultivated on TCP
with subsequent treatment using assay specific control were used.

3.2. Cell viability
The viability of L929 cells cultivated with the eluate of KB-0, KB-1 and KB-7 was comparable with

the viability of untreated control cells (NC) with approximately 99%. Cells cultivated with eluates of
KB-9 exhibited with 98.8% a slightly reduced cell viability (p <0.05) (Fig. 1).



A. Kriiger-Genge et al. / Tailoring material properties of cellulose sponges 95

01TT—T—T T T T T T T T

-

o

o
1

viability [%]

(3,
o
1

samples

Fig. 1. Cell viability of L929 cells after 48h of eluate incubation with KB-0, KB-1, KB-7 and KB-9. 1.929 cells cultivated
with pure medium were used as negative control (NC). Cells cultivated in TCP and treated with Triton X-100 were used
as positive control (PC). Presented are arithmetic mean =+ standard deviation of n=9-12 samples. p <0.05 was considered
significant compared to NC. *: p <0.05; **: p<0.01, ***: p<0.001.

3.3. Number of adherent cells

The number of adherent 929 cells per mm? was significantly reduced for all samples compared to
NC after 48 h of eluate incubation (KB-0:804 + 95 per mm?, KB-1:760 + 79 per mm?, KB-7:1826 + 71
per mm?, KB-9:348 + 37 per mm?, NC: 1417 £ 42 per mm?) (p <0.05 each).

3.4. Cell membrane integrity

The analysis of cell membrane integrity was investigated by measuring the release of lactate dehy-
drogenase (LDH) from the L.929 cells in the cell culture supernatant. An incubation of 1.929 cells with
eluates of KB-0 und KB-1 showed a comparable release of LDH in the cell culture supernatant. In
contrast, a significant higher release of LDH was detected for L.929 cells cultivated with eluates of
KB-7 and KB-9 (p <0.05 each) (Fig. 2).

3.5. Metabolic activity

The metabolic activity of L.929 cells was not affected for KB-1, KB-7 and KB-9 and thereby com-
parable with NC (Fig. 3). A significantly reduced metabolic activity of L.929 cells was only seen for
KB-0 compared to control cells (p <0.05).

3.6. Cell morphology

According to DIN-EN_ISO 10993-5 the morphology of L929 was investigated regarding cell lysis,
occurence of intracellular granules and impairment of cell growth (cell monolayer formation) (Fig. 4).
No significant alterations were observed for L929 cells incubated with eluates of KB-0, KB-1 and KB-
7 compared to control cells. An increased occurence of intracellular vacuoles was seen after contact
with KB-9 eluate indicating cellular stress.
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Fig. 2. Cell membrane integrity of L929 cells after 48h of eluate incubation with KB-0, KB-1, KB-7 and KB-9 measured in
three independent studies. 1929 cell cultivated with pure medium (NC) were used as negative control (NC). Cells cultivated in
TCP and treated with cell lysis buffer were used as positive control (PC). Presented are arithmetic mean = standard deviation
of n=8 samples. p <0.05 was considered significant compared to NC. *: p<0.05; **: p<0.01, ***: p<0.001.
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Fig. 3. Metabolic activity of L.929 cells after 48 h of eluate incubation with KB-0, KB-1, KB-7 and KB-9 measured in three
independent studies. L929 cell cultivated with pure medium (NC) were used as negative control (NC). Cells cultivated in
TCP and treated with cell lysis buffer were used as positive control (PC). Presented are arithmetic mean = standard deviation
of n=8 samples. p <0.05 was considered significant compared to NC. *: p <0.05; **: p<0.01, ***: p<0.001.

Fig. 4. Representative images of 1.929 cell morphology after 48 h of eluate incubation. Phase contrast microscopy in 10x
primary magnification.



A. Kriiger-Genge et al. / Tailoring material properties of cellulose sponges 97

T, [
100 = & @ @ -

viability [%]

=T T T
NC KB-0 KB-1 KB-7 KB-9 HC
samples

Fig. 5. Viability of adherent CHO cells two and four days after cell seeding on TCP (NC), KB-0, KB-1, KB-7 and KB-9.
Shown are arithmetic mean =+ standard deviation of n=4 — 6. Statistical significance was analyzed using 7-test analysis.
p <0.05 was considered significant compared to KB-0 *: p<0.05, **: p<0.01, ***: p<0.001.

The analysis of cell number, cell viability, metabolic activity, cell membrane integrity and cell
morphology according to the ISO standard revealed that KB-0, KB-1, KB-7 and KB-9 can be classified
as non (KB-1) or weak (KB-0, KB-7, KB-9) cytotoxic according to the criteria of the DIN-EN_ISO
10993-5 after testing of material eluates with L929 cells. In conclusion, all materials (with and without
modification) passed the cytotoxicty analysis according to DIN-EN_ISO 10993-5 with a cytotoxicity
grade of 0 - 1.

3.7. Compatibility of modified Sugi® with CHO-cells (direct cytotoxicity)

The compatibility of cells with the pristine or functionalized Sugi® was investigated with Chinese
hamster ovary cells (CHO-cells) after direct seeding onto the material surface. The number of adherent
cells, cell viability, damage of cell membrane integrity, metabolic cell activity and cell morphology
were investigated two and four days after cell seeding. Cells cultivated on KB-0 were used as control.

3.8. Analysis of cell viability

The viability of CHO-cells on KB-1 and KB-7 increased continuously over time and did not differ
significantly from KB-0 (Fig. 5). An increase of cell viability was also seen for KB-9, whereas the
viability of cells was significantly higher compared to KB-0 for both 2 and 4 days after cell seeding
(d2: p<0.01, d4: p<0.001). Thus, it can be summarized, that none of the modifications had a negative
influence on the viability of CHO-cells after direct material contact.

3.9. Analysis of cell membrane integrity

Cell membrane integrity was measured by release of LDH in the cell culture supernatant. A sig-
nificant reduced release of LDH and thereby less membrane damage was observed for all samples
modified compared to pristine Sugi® after 48h of cell seeding (NC: p<0.05, KB-1: p<0.01, KB-7:
p<0.001) (Fig. 6). This result was also obtained for KB-7 and KB-9 four days after cell seeding (KB-7:
p<0.05, KB-9: p<0.01). CHO-cells cultivated on KB-1 showed a similar release of LDH compared
to unmodified KB-0.
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Fig. 6. Cell membrane integrity of CHO cells on TCP (NC), KB-0, KB-1, KB-7 and KB-9 two and four days after cell
seeding. Shown are arithmetic mean =+ standard deviation of n=6. Statistical significance was analyzed using #-test analysis
compared to KB-0..*: p<0.05, **: p<0.01, ***: p<0.001.
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Fig. 7. Number of adherent cells two and four days after cell seeding on TCP (NC), KB-0, KB-1, KB-7 and KB-9. Shown are
arithmetic mean = standard deviation of n = 6. Statistical significance was analyzed using #-test analysis compared to KB-0.
*: p<0.05, #*: p<0.01, ¥**: p<0.001.

3.10. Number of adherent cells

The number of adherent cells was comparable for KB-0 and KB-7 two and four days after cell
seeding. In contrast, KB-1 showed a significant reduced number of cells after two days of cell seeding
(p <0.01) while a significant higher number of cells was found on KB-9 (p <0.05) (Fig. 7). Four days
after cell seeding a significant higher cell number was found on KB-9 (p <0.05), while the number of
CHO cells was comparable with the control KB-0 for KB-1 and KB-7.

3.11. Analysis of metabolic activity

48 h after cell seeding on Sugi® a similar metabolic activity of CHO cells was observed for KB-1 and
KB-7 compared to KB-0 as control (Fig. 8). Cells cultivated on KB-9 showed an increased metabolic
activity compared to KB-0 (p <0.001), which was in accordance with the number of adhered cells.
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Fig. 8. Metabolic activity of CHO cells two and four days after cell seeding on TCP (NC), KB-0, KB-1, KB-7 and KB-9.
Shown are arithmetic mean =+ standard deviation of n = 6. Statistical significance was analyzed using #-test analysis compared
to KB-0. *: p<0.05, **: p<0.01, ***: p<0.001.

A comparable metabolic activity was seen for CHO cells cultivated on KB-0 and KB-7 96 h after cell
seeding. CHO cells seeded on KB-1 and KB-9 exhibited a significant increased metabolic activity
(KB-1: p<0.05; KB-9: p<0.01). Thus, none of the surface modifications had a negative influence on
the metabolic activity of CHO cells.

3.12. CHO cell morphology on pristine or modified cellulose-based Sugi® materials

The staining of the actin cytoskeleton showed a direct adhesion of the cells on the fibre structures
after two and four days of cell seeding (Fig. 9). Round, only weakly spreaded cells with developed
stress fibres were observed indicating a strong attachment onto the material surface. Furthermore, it
was observed that CHO cells wer also associated within the material cavities.

KB-0 KB-1 KB-7 KB-9

&1 =T

Fig. 9. Representative images of CHO cells 48 and 96 h after cell seeding on cellulose based material surfaces. Wide-field
fluorescence microscopy, 10x primary magnification. CHO cells are stained using phalloidin (red).
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4. Discussion

The development of new biomaterials for specific applications with tailored properties for tissue
engineering, implantation or wound dressing is currently in the focus of biomaterial research [11-13].
In addition to the requirements regarding their specific application in respect to biocompatibility,
degradability, product safety, clinical and commercial endpoint further demands as sustainability play
an important role [14, 15]. Thus, cellulose-based materials for application in life sciences get into
the focus of research [16]. Cellulose is a biocompatible biopolymer with abundant ressources which
can be obtained easily and cheap [17]. Due to favorable surface charges it can be functionalized in a
simple way. Therefore, cellulose is an appropriate candidate material for use in clinical. In this study
a cellulose-based material (Sugi®) currently used as absorbent material during surgery was tested
regarding a further application after various functionalizations. Functionalizations were focused on
rendering the material surfaces hemo- or tissue-compatible by controlling the adherence of proteins
and cells. Therefore, polyethylene glycol (PEG), oxygenated reactive groups and methyl groups with
increased hydrophobicity were introduced [18] using plasma activation and various gases. In a first
step, the modifications were investigated using an indirect cytotoxicity test according to the ISO
standard 10993-5/12. Within this analysis toxic degradation products or leachables were investigated
using an eluate of the material. All materials investigated — pristine and functionalized — could be
classified as non cytotoxic according to the ISO standard 10993-5 [19]. Interestingly, the number
of adherent L929 cells was significantly reduced for all Sugi® materials compared to the negative
control, while the viability of cells was 99%. A delayed proliferation was seen also in a former study
using stromal osteoblastic cells seeded on bacterial cellulosic material [20]. L929 cells — also used
in this study — did not show a reduced number of adherent cells which is in contrast to our study.
Although the number of cells was reduced in our analyis, the cells stayed vital so that a harmful effect
of the materials (pristine, modified) can be excluded. A possible explanation for the differing results
could be the utilization of bacterial cellulose. Within our study cellulose obtained from plants was used.
Although the proliferation of stromal osteoblastic cells was delayed, the final assessment of the cellulose
investigated was in accordance to the materials used in our studies; both materials were classified as
non-cytotoxic. It has to be emphazised that during the indirect cytotoxicity testing material topography
and further material properties do not have an influence on material toxicity. These parameters are only
important in case of direct cell seeding onto material surfaces. Thereafter, the direct contact of CHO
cells — another cell type from a different species — with the material surface was investigated in order to
analyze possible toxic effects due to the surface structure and changes of physicochemical properties
after material functionalization. None of the functionalizations had a negative effect on CHO cells
after 48 and 96 h of incubation compared to the pristine material. Interestingly, a significant increased
cellular adherence, viablity, metabolic activity and cell membrane integrity was observed after material
treatment with plasma and silane (KB-9). An explanation could be the increased occurence of methyl
groups after modification which can improve the adherence of cells. A similar effect was observed by
Arima et al. [21]. In addition, the group of Arima et al. also reported that the presence of oxygenated
reactive groups supported the adherence of cells. Within our study, we did not observe a significant
difference between CHO cells cultivated on pristine Sugi® in comparison to plasma and O, (KB-7)
functionalized materials affecting material hydrophilicity by generating oxygenated functional groups
like hydroxyl- or carboxyl-groups. A possible explanation could be a differing contact angle between
the investigated samples which is known to affect cellular adherence [22]. Lee et al. demonstrated
that the improved adherence of cells, regardless from cell type was seen for materials with moderate
hydrophilicity. In contrast, Jaganja et al. demonstrated an increased adherence of human osteosarcome
cells on hydrophobic, plasma-treated materials [23]. Similar to our study an increased metabolic
activity of osteosarcome cells were seen on the functionalized materials. In addition, a delayed cell
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adhesion onto the material surface was observed. Within our study we did not find a delayed adhesion
of CHO cells on Sugi® after direct material contact (only during the indirect cytotoxicity test), but for
all materials a formation of stress fibers after 48 and 96 h of cell seeding was observed. The formation
of stress fibers as component of the cytoskeleton is induced by an interaction between biomaterials
and cells. The interaction between Sugi® and CHO cells occurs by utilizing the fibrous, spongious
structure of the material. So, the formation of stress fibers is a good sign for the interaction of cells
with the biomaterial on the material fibers or in the cavities. In addition, the increasing number of cells
independent from the material substrate is a good sign as well since proliferation of adherent cells is
strongly related to material contact [24, 25]. A significantly increased cell number was only observed
for CHO-cells cultivated on KB-9. A possible reason could be the surface charge. While a more
negatively charged surface was created due to oxygenated plasma treatment on KB-7 a charge-free
surface was created on KB-9. Since cells are charged negatively on average a charge free surface could
support cellular adherence. The group of Lee et al. showed, that negatively charged substrates have an
influence on the growth of cells [26]. In summary, none of the functionalized materials had a negative
effect using a material eluate according to ISO standard 10993-5/12 on L.929 cells, nor on CHO-cells
after direct contact of the cells with the material surfaces. Thereby all materials can be classified as
non-cytotoxic and compatible with the cells used for the respective test systems. In addition, it could
be shown, that the modifications performed can be used to control the adherence of cells onto the
material surface. Furthermore, it was clearly shown that certain modifications improved cell adherence,
viability, metabolic activity and cell membrane integrity. Whether the modified materials can also be
used to control protein adsorption will be analysed in future studies. In addition, further studies are
planned in order to investigate the compatibility of the materials (pristine, functionalized) with human
primary cells. Furthermore, a deeper characterization of material surface properties will be conducted
to analyze the interactions of the materials’ surface with proteins and cells in relation to the material
characteristics.

5. Conclusions

It can be summarized that Sugi®, a medical-grade material which is already used as absorbent in
clinical routine, is an optimal candidate material for further applications as implant or for utilization
as diagnostic tool.
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