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trimethoxysilane (MPTMS) under different condi-
tions, in order to obtain a platform with improved cell 
adhesion. The efficiency of BC surface modification 
with MPTMS was evaluated by using acid and base 
catalyzed reactions, and two different drying meth-
ods: at room temperature of 28 °C and at 120 °C as 
curing temperature. The results of the set of analyses 
performed—ATR-FTIR, TGA, elemental analysis,13C 
NMR, contact angle and SEM—indicate that BC 
surface functionalization was efficient, regardless 
the drying process. The MPTMS-modified platforms 
exhibited sulfur content of 3–5 times higher than 
native BC. The performed biological assay with fibro-
blast GM07492 human cells revealed that adhesion of 
cells to the BC surface depends not only on the func-
tional group present at the matrix but also on surface 
wettability.

Abstract Cellulose is a versatile tunable mate-
rial that finds application in the biomedical field as 
substrate for cell culture. However, few studies have 
been done to explore the use of bacterial cellulose 
(BC), a naturally occurring nanofibrillar material 
with distinct properties, as a platform to produce such 
device. In the present work, BC membranes have 
been functionalized with thiol functional group (SH) 
through silanization reaction with (3-mercaptopropyl)
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systems by stacking paper sheets. The advantages 
of using cellulose-based cell culture platforms 
include its biocompatibility to human cells, as it 
is a substrate coming from a sustainable natural 
source and its biodegradability by many microor-
ganisms (Ng et  al. 2016). Particularly, bacterial 
cellulose (BC) is a pure nanocellulose not toxic 
to cells that is produced by some non-pathogenic 
bacteria in the form of a gelatinous pellicle under 
static cultivation. When it dries, this membrane 
turns into a paper-like membrane of pure cellu-
lose whose application is very promising in medi-
cal and biomedical fields (de Oliveira Barud et al. 
2016; Urbina et  al. 2021). The remarkable three-
dimensional (3D) open fibril network nanostruc-
ture of BC retains water and favors the transporta-
tion of nutrients which are advantageous for cell 
ingrowth. Furthermore, BC thickness and porosity 
(92% for freeze-dried membranes and 65% for hot 
air-dried membranes) can be tailored to require-
ments (Tang et al. 2009).

3D cell culture fabricated by multilayered paper 
construct allows proper oxygen and nutrient dif-
fusion favoring cell growth, proliferation, and 

Schematic illustration of a siloxane-modified bacte-
rial cellulose as platform for cell culture.

Keywords Bacterial cellulose · Siloxane · 
Mercapto · Platform · Cell culture

Introduction

Cell culture has been traditionally used to allow 
the maintenance of living cells, particularly in 
pharmacological screening for the purpose of pre-
clinical drug discovery. More recently, the culti-
vation of cells on platforms has also been used to 
mimic a variety of living tissues for the develop-
ment of disease models, in cell cryopreservation, 
and tissue engineering, technologies that are grow-
ing in importance at a faster pace (Ng et al. 2016; 
Lantigua et  al. 2017). Many types of natural and 
synthetic polymers that support cell adhesion and 
spreading have been used in the production of cell 
culture platforms (Ng et al. 2016; Mirbagheri et al. 
2019).

Recently, cellulosic substrates have been suc-
cessfully used in the production of 3D cell culture 
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differentiation. Paper-based platform design and 
cell containing zones can be customized using 
wax printing. The hydrophobic coating is intended 
to isolate the channels and to provide mechanical 
support. The great advantage of using cell culture 
platforms refers to the possibility of analyzing 
cellular behavior under the most diverse circum-
stances (including drugs/biomolecules administra-
tion, nutrients presence and gas gradient) without 
manipulating living organisms (Ng et  al. 2016; 
Tibbitt and Anseth 2009; Edmondson et al. 2014).

BC is a natural polymeric substrate that lacks 
biological recognition elements, requiring manip-
ulation to improve cell adhesiveness onto its sur-
face (Ng et  al. 2016; Mirbagheri et  al. 2019; de 
Oliveira Barud et  al. 2016). Several modification 
methods of BC have been investigated to optimize 
interactions between this biomaterial and different 
cell lines, including chemical surface which is able 
to change properties such as permeability, wetta-
bility, and porosity (de Oliveira Barud et al. 2016). 
From this perspective, Taokaew et  al. (2015) 
investigated the effect of functionalizing BC sur-
face by grafting amine  (NH2) and methyl  (CH3) 
terminated organosilanes (3-aminopropyl)trieth-
oxysilane (APTES) and octadecyltrichlorosilane 
(OTS) on human dermal fibroblasts adhesion. The 
surface treatment with APTES has been shown to 
improve cell attachment and spreading (70–80% 
area coverage by cells) compared to the unmodi-
fied BC surface, while the opposite result (< 5% 
area coverage) was observed for the OTS-function-
alized BC surface.

In this study, BC surface was functionalized 
with thiol group (SH) by silanization using two 
different chemical methods and the influence on 
the adhesion of normal human lung fibroblasts was 
evaluated. For the best of our knowledge (3-mer-
captopropyl)trimethoxysilane (MPTMS) function-
alized BC was not yet explored for this purpose. 
The chemical grafting and the reaction mechanism 
of the silane surface modification is shown in the 
Supplementary Material.

Experimental section

Bacterial cellulose production

The BC membranes were gently provided by the 
NEXFILL company (Seven Indústria de Produtos 
Biotecnológico Ltda) from Brazil. The cultiva-
tion of the bacterium Komagataeibacter xylinus 
was carried out in 30 cm × 50 cm shallow trays at 
28  °C for 96  h. The culture medium has the fol-
lowing basic composition: 2% glucose (w/v), 0.5% 
peptone (w/v), 0.5% yeast extract (w/v), 0.27% 
disodium phosphate (w/v), and 0.115% citric acid 
monohydrate (w/v). The highly hydrated BC sheets 
were treated with 1 M NaOH solution at 70 °C to 
remove the bacteria. The commercially dry mem-
branes were approximately 0.02 mm thick.

Preparation of modified BC platforms

Two methodologies were used for the BC sur-
face functionalization with the thiol group using 
MPTMS. The first method comprises acid-cata-
lyzed reaction in aqueous solution according to 
the conditions reported by Beaumont et al. (2018). 
The second method consists of a weak base-cat-
alyzed reaction in ethanol:water (10:1; v/v) (Lu 
et al. 2012; Do Amaral et al. 2019).

Method 1—Silanization catalyzed by acid (CA)

The BC dry membranes were cut into pieces of 
1   cm2 and 0.25  g of the prepared material was 
added to a falcon tube. The membranes were 
placed in contact with the solvent (water) for 
5  min. A catalytic amount of 0.5  M hydrochloric 
acid was added to the tube, followed by the addi-
tion of MPTMS to reach the final concentration 
of 0.043  mmolmL−1. The system was kept under 
orbital stirring at 25  °C for 30  min. Then, 0.5  M 
sodium hydroxide was added to the tube and it 
was kept under stirring for further 3 h. Finally, the 
membranes were removed from the solution and 
washed with water and acetone to remove reaction 
residues. The platforms were dried at 28 ºC (BC-
SH CA dried at 28 °C) and at 120 °C (BC-SH CA 
dried at 120 °C) for 5 h.
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Method 2—Silanization catalyzed by base (CB)

0.25  g of 1   cm2 BC dry membranes was added 
to a falcon tube. The membranes were placed in 
contact with the solvent (ethanol–water solution) 
for 5 min. Ammonium hydroxide was added to the 
tube, followed by the addition of MPTMS to reach 
the final concentration of 0.164  mmolmL−1. The 
system was kept under orbital stirring at 25 °C for 
15  h. Finally, the membranes were removed from 
the solution and washed with water and acetone to 
remove reaction residues. The BC platforms were 
dried at 28 °C (BC-SH CB dried at 28 °C) and at 
120 °C (BC-SH CB dried at 120 °C) for 5 h.

Biological assays

To assess cellular adhesion to the surface of the produced 
materials, cell viability tests were performed by fluores-
cence method by resazurin reduction (Pagé et al. 1993). 
A total of three replicates of the experiment were per-
formed. Normal human lung fibroblast GM07492 cells 
were cultured in DMEM medium (Dulbecco’s Modified 
Eagle’s Medium) supplemented with 10% fetal bovine 
serum and antibiotic solution and incubated in a humid 
chamber at 37 °C in an atmosphere of 5%  CO2. Finally, 
the cells were disadhered by trypsin treatment. After cen-
trifugation the dead cells were removed and counted by 
trypan blue method using a Neubauer counting chamber.

Triplicate wells of a 96-well plate were used for the 
cell viability assay in the following configuration: mem-
brane, cells, membrane + cells. Cell suspension was 
seeded (1,5 ×  104 cells/well) and 100 ul of PBS was 
added to the wells. The plate was incubated at 37 °C for 
24 h. After the incubation, the medium was removed and 
the resazurin solution 10% (v/v) was added to each well. 
The plate was incubated for 4 h at 37 °C and the fluores-
cence of the well solution was measured using a micro-
plate reader. The wells were washed with PBS solution 
to perform the cell viability assay within 48  h on the 
same well plate. Then, 100 μL of supplemented DMEM 
medium was added to the wells and the well plate was 
incubated for more 24 h (48 h total). Finally, 100 µL of 
resazurin solution was added to the wells and fluores-
cence was measured after 4 h of incubation at 37 °C.

Excitation and emission filters at 530  nm and 
590 nm were used for the fluorescence assay and the 
measurements were performed in a Cytation micro-
plate reader from Biotek®.

Characterization and statistical analysis

Structural characterization

Thermogravimetric analysis

The thermal properties of the platforms were 
determined by Thermogravimetric Analysis (TGA) 
and Derived Thermogravimetry (DTG). TGA/DTG 
curves were obtained on a TA Instruments SDT 
Q600 under the following conditions: synthetic air 
atmosphere with continuous flow of 100  mL/min 
and heating rate of 10  °C/min over temperature 
range of 30–600 °C using a sample mass of about 
5 mg. Alumina pan was used as reference.

Elemental analysis

Total carbon, hydrogen, nitrogen and sulfur were 
determined by dry combustion in a 2400 Series II 
CHNS elemental analyzer from Perkin Elmer.

Solid State NMR of the 13C nucleus

Solid state 13C NMR spectra were obtained at 
7.04 T on a Bruker Avance III HD 300 spectrome-
ter operating at a Larmor frequency of 75.00 MHz. 
The analyzes were acquired using a 4  mm MAS 
probe in  ZrO2 rotors (and Kel-F covers). The 
measurements were carried out at a frequency of 
9000 Hz, with a relaxation time of 1 s and a pulse 
of 90° of 2.6  μs using magical spin-angle, and 
cross-polarization. The chemical shifts were indi-
rectly standardized through a sample of glycine, 
with carbonyl sign at 176.00 ppm in relation to the 
TMS which is the primary standard.

Table 1  Parameters of tension surface, dispersive and polar 
components for probe liquids, water and diiodomethane

Liquids �
L
(mN∕m) �

d

L
(mN∕m) �

P

L
(mN∕m)

Water 72.8 21.8 51.0
Diiodomethane 50.8 50.8 0
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Surface characterization

Vibrational spectroscopy in the infrared region

The BC platforms were structurally characterized 
by Attenuated Total Reflectance  Fourier Trans-
form  Infrared  Spectroscopy (ATR-FTIR). Infrared 
spectra were obtained on a Thermo Scientific NICO-
LET IS5 spectrometer with iD3 ATR transmission 
module with germanium crystal under the following 
conditions: 32 background scans, 32 sample analy-
sis scans, 2   cm−1 resolution and absorption range 
between 4000 and 650  cm−1.

Contact angle

The surface behavior of the platforms was analyzed 
by contact angle in a Ramé-Hart 260-F4 Series-
DROPimage Advanced v2.7 goniometer by the ses-
sile drop method using water and diiodomethane as 
probe liquids which exhibit different polarity charac-
teristics. The surface tension was calculated by using 
the Eq. 1 proposed by Wu (1971) and the parameters 

of the probe liquids is described in Table  1. Equa-
tion 1 describes the calculation of surface tension for 
low energy surface solid materials.

where �L is the tension of the liquid probe, �d
L
 and �p

L
 

are the dispersive and polar components of the liquid, 
and �d

S
 and �p

S
 are the dispersive and polar components 

of the solid, respectively. The sum of the polar and 
dispersive components of the solid results on its sur-
face tension.

Scanning electron microscopy

The morphological characterization of the platforms 
was carried out using a Jeol JSM 7500F Field Emis-
sion Gun Scanning Electron Microscope (FEG-
SEM). The samples were held in a brass stub and cov-
ered with a thin layer of carbon (approximately 5 nm 
thick) in a Bal-Tec SCD 050 Sputter Coater.

(1)�
LV
(1 + cos �) = 4

[

�
D

SV
∗ �

D

LV

�
D

SV
+ �

D

LV

+
�
P

SV
∗ �

P

LV

�
P

SV
+ �

P

LV

]

(a)

(b)

Fig. 1  TG thermograms and differential thermogram of the BC-based platforms
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Statistical analysis

Statistical analysis was performed in GraphPad Prism 
software. Data resulting from the experiments were 
subjected to Student’s t-test for comparison between 
pairs of groups (24  h and 48  h of cell incubation). 
Confidence level of 95% was selected and the cell 
viability of control after 24 h was assumed as 100%.

Results and discussion

TGA was used to investigate the thermal and deg-
radation properties of the prepared platforms; 
TGA thermograms and differential thermograms 
are shown in Fig.  1. In this work, the initial mass 
loss temperature  (Ti) was considered as the tem-
perature on which the sample loses 5% of its mass. 
The mass loss of the samples occurs in two steps 
(200–500  °C) and relates to cellulose depolymeri-
zation and decomposition (de Oliveira Barud et al. 
2015). These processes were determined by the 
peak of the first derivative of the curve of mass loss 
as a function of temperature, that is, by the maxi-
mum speed mass loss temperature, and named as 
 T1max and  T2max. The difference between  T1max and 
 Ti (ΔT) is related to the mass loss kinetics. That is, 
the larger the ΔT value, the slower is the release of 

the volatiles during the degradation process (Fit-
aroni et al. 2015).

For BC, the absence of carbonaceous char resi-
due at 600 °C is a clear indication that the material is 
pure. The final residual mass found for the modified 
BC-based platforms (5.6–9.3%) is attributed to the 
MPTMS grafted onto the cellulosic fibers. Further-
more, those platforms have exhibited a lower percent-
age of water loss adsorbed to the surface of the mate-
rial compared to native BC. Table 2 presents the data 
extracted from the thermogram curves.

The modification of BC significantly increases  Ti 
values. Silanization takes place on the BC surface, in 
other words, silanol reacts with the hydroxyl group 
of BC resulting in the formation of strong covalent 
bonds (Supplementary Material). This modification 
acts as a barrier making gas diffusion difficult, that is, 
the volatiles output and the synthetic air input. How-
ever, an interesting behavior was noticed. The kinet-
ics of the degradation (ΔT) for modified BC-based 
platform shows that the mass loss evolution is faster 
because of the presence of silane. As described in 
the literature (Quang Khieu et al. 2017), the temper-
ature of silane decomposition can change according 
to its synthesis precursor. However, for silanization 
using MPTMS, degradation is described to occur at 
about 300 °C. For the BC-modified ones, a decrease 
in  T1max was observed probably caused by the silane 
decomposition that interferes in this process.

Table 2  Parameters obtained by TGA/DTG for the BC-based platforms

Sample Water mass 
loss (%)

Mass loss 1st 
event (%)

Mass loss 2st 
event (%)

Ti (5%) Tlmax T2max AT  (Tlmax−Ti)

BC 5 60 35 203 345 448 142
BC-SH CA dried at 28 °C 3 69 17 276 331 497 55
BC-SH CA dried at 120 °C 2 68 17 291 327 488 36
BC-SH CB dried at 28 °C 2 69 17 290 332 494 42
BC-SH CB dried at 120 °C 1 68 15 282 328 481 46

Table 3  CHNS content of 
the BC-based platforms

Sample Carbon (%) Hydrogen (%) Nitrogen (%) Sulfur (%)

BC 42.45 5.75 0.87 1.04
BC-SH CA dried at 28 °C 40.46 6.46 0.96 5.47
BC-SH CA dried at 120 °C 41.79 6.50 1.16 3.38
BC-SH CB dried at 28 °C 40.16 6.26 0.91 3.73
BC-SH CB dried at 120 °C 41.24 6.39 1.03 3.93
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Table  3 provides the elemental analysis data. 
The sulfur (S) percentage associated with the modi-
fied BC-based platforms was 3–5 times compared to 

pristine BC, demonstrating the effectiveness of the 
applied methodologies. Similar CHNS results have 
been previously published for BC and BC modified 

Fig. 2  13C NMR spectra of pristine BC and BC-SH CA dried at 28 °C

Fig. 3  FTIR spectra of the 
BC-based platforms
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with MPTMS under basic conditions (Do Amaral 
et al. 2019).

Figure  2 shows the 13C NMR spectra of pristine 
BC and BC-SH CA dried at 28 °C as a representative 
sample to testify the modification once it had exhib-
ited the highest sulfur percentage according to the 
previous analysis. It is possible to observe in the spec-
tra the signals related to the carbon atoms of carbohy-
drate portion of the cellulose structure. More specifi-
cally, the signal in the region of δ 105 ppm refers to 
carbon C1, the signal in δ 89  ppm refers to carbon 
C4. The signals in the region between δ 76–73 ppm 
refers to carbons C2, C3 and C5 and the signal in δ 
65 ppm refers to carbon C6 (Kono et al. 2002; Dai-
cho et al. 2020). Carbon atoms signals related to the 
aliphatic chains inserted onto BC are seen at δ 12.8 
and 28.0 ppm. Furthermore, it is possible to observe 
signals in the region of δ 60 ppm associated with the 
methylene carbons of Si−OCH2R group which also 
indicates the incorporation of the aliphatic chains in 
the carbohydrate portion of the platform (Monteiro 
et al. 2021). These data strongly suggest that BC-SH 
CA dried at 28 ºC has been modified.

The infrared spectra of the materials are shown 
in Fig. 3. The  spectra of the modified BC platforms 
(BC-SH CA dried at 28  °C, BC-SH CA dried at 
120 °C, BC-SH CB dried at 28 °C, BC-SH CB dried 
at 120 °C) show similarity in band profile compared 
to native BC platform (BC) due to cellulose vibra-
tional modes. The weak band at 900   cm−1 is attrib-
uted to vibrational modes of the C–O–C β (1 → 4) 
glycosidic bonds between glucose units and a band 
at 1,055   cm−1 is assigned to the C–O stretch of pri-
mary alcohol. A band at 1161   cm−1 is attributed to 
C–O–C asymmetric vibrations of the pyranose ring of 
glucose. The band at 2900  cm−1 is attributed to C–H 
and  CH2 stretching modes and the band at 3340  cm−1 

is assigned to O–H stretching of adsorbed water mol-
ecules on cellulose surface (De Salvi et  al. 2012). 
For the modified BC-based platforms, bands related 
to Si–O stretching modes were not observed in the 
region of 1100–1200  cm−1 due to the bands overlap-
ping associated with the C–O–C vibrations of cellu-
lose (Frone et al. 2018). However, the bands between 
3000 and 3600  cm−1 attributed to O–H stretching are 
less intense for the modified platforms compared to 
pristine BC platform. This might be explained by the 
decrease in the amount of free hydroxyl groups on 
the cellulose surface caused by the chemical treat-
ment where its available O–H groups react with the 
MPTMS counterpart being replaced by a distinct 
covalent bond (O–Si) (Robles et al. 2018).

Figure 4 shows the water contact angle results and 
the change in surface tension values before and after 
the modification of the native BC platform by silane-
grafting under acidic and basic conditions and ther-
mal treatment. In the light of the results, the chemical 
treatment had significantly modified the surface prop-
erties of the BC platforms that underwent acidic con-
ditions, with a considerable increase on their surface 
hydrophobicity. The modified platforms produced 
under basic conditions had maintained its hydrophilic 
character. However, it is observed that the thermal 
treatment had impacted the wetting behavior of the 
platforms, especially for those which had underwent 
basic conditions.

Considering that MPTMS was successfully grafted 
onto BC on all cases, the different wetting behavior 
of modified platforms is associated with the incor-
poration of polar and nonpolar species produced in 
the reaction medium onto the surface. The incorpo-
ration of those species changes the surface tension, 
the interfacial tension between liquid and solid. Par-
ticularly, the hydrophobic platforms produced by the 

Fig. 4  Contact angle values 
between a water droplet and 
the BC-based platforms and 
their surface tension
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incorporation of nonpolar species under acidic con-
ditions exhibit lower surface tension values while 
hydrophilic ones incorporated with polar species 
show higher surface tension values, as seen in Fig. 4.

The results have shown that BC silanization by 
acid hydrolysis had significantly decreased the sub-
strate polarity while the modification by basic hydrol-
ysis had minor impact on this property. The contact 

angle between the solvent droplets and the polymer 
depends on many factors associated with its surface, 
including roughness, functional group and surface 
energy (Gentleman and Gentleman 2014). Consid-
ering that the surfaces of the treated BC-based plat-
forms were all functionalized by the insertion of the 
thiol group, the specific wettability behavior of each 
material would be the result of two main reasons: by 

Fig. 5  FEG-SEM images: (a) and (b) native BC at different magnification, (c) BC-SH CA dried at 28 °C, (d) BC-SH CA dried at 
120 °C, (e) BC-SH CB dried at 28 °C, (f) BC-SH CB dried at 120 °C

Fig. 6  Images viewed by 
the objective of 40 × mag-
nification using an inverted 
microscope of cells adhered 
to (a) the bottom of the 
cell culture well, (b) BC, 
(c) BC-SH CA dried at 
28 °C, (d) BC-SH CA dried 
at 120 °C, (e) BC-SH CB 
dried at 28 °C, (f) BC-SH 
CB dried at 120 °C
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their surface energy (which proved to be quite differ-
ent between the platforms treated by acidic and basic 
hydrolysis), and by their specific fiber rearrangement 
morphology (see Fig.  5). It is observed that the BC 
matrix has a distinct three-dimensional structure con-
sisting of an ultra-thin network of cellulose nanofib-
ers, which is ideal for housing cell growth. The 
surface of the MPTMS-modified platforms is signifi-
cantly different from the native BC surface in some 
regions, however the nanometric structure of the fib-
ers was preserved after the chemical treatment.

Biological assay

Resazurin viability assays were undertaken in treated 
polystyrene cell culture plates. Wells containing 
medium and cells were used as control because poly-
styrene has been employed in the culture of a variety 
of animal and human cells for over the past 50 years 
(Lerman et  al. 2018). Microscope images in Fig.  6 
shows the cells adhered to the bottom of the culture 
plate and to the surface of the platforms after 48 h of 
culture incubation. Although fibroblasts had adhered 
to the materials, those cells have not homogeneously 
spread along the surfaces.

As revealed from  statistical analysis results  in 
Fig. 7, BC-SH CA dried at 120 °C, BC-SH CB dried 
at 28 °C and BC-SH CB dried at 120 °C exhibited 
remarkable cell viability (> 70%) for both 24 and 
48 h of cell incubation. Therefore, those platforms 
could be considered non-cytotoxic (ISO 10993-5—
Biological evaluation of medical devices—Part 5: 
Tests for in  vitro cytotoxicity 2009). Nevertheless, 
BC achieved non-cytotoxicity according to the reg-
ulations only for 24 h of cell cultivation. BC-SH CA 

dried at 28 °C have not reach 70% of cell viability 
in either tested period. Cell growth and proliferation 
on surfaces are indicative of cytocompatibility, indi-
cating that these materials could be used for bio-
medical applications (Shao et al. 2017).

Cell viability in the control wells at 24 and 48  h 
indicates no statistically significant difference, reveal-
ing that fibroblasts remained adhered and with active 
metabolism throughout the experiment. Cell viability 
associated with control at 24 h was greater than that 
of BC. Previous studies demonstrate that BC has no 
cytotoxic effect on a wide variety of cells (Svensson 
et  al. 2005; Czaja et  al. 2006; Sanchavanakit et  al. 
2006), corroborating our results. This result suggests 
that less cells have adhered to the surface of pristine 
BC platform compared to the bottom of the culture 
plate. Furthermore, the mean cell viability of BC at 
48 h was lower than at 24 h, with a statistically sig-
nificant difference between those periods. This may 
have occurred because fibroblasts have proliferated, 
forming cell clusters that detached from BC. Simi-
lar cell behavior was previously reported by Sancha-
vanakit et al. (2006). These results indicate that BC is 
a less favorable support for fibroblast adhesion com-
pared to the traditional cell culture plate. Analogous 
to BC, the mean cell viability at 24 h for the modi-
fied platforms BC-SH CA dried at 28  °C (contact 
angle = 72.0°) and BC-SH CB dried at 120 °C (con-
tact angle = 29.8°) was lower compared to the control. 
On the other hand, the mean cell viability at 24 h for 
BC-SH CA dried at 120  °C (contact angle = 75.8°) 
and BC-SH CB dried at 28 °C (contact angle = 41.3°) 
was higher compared to the control on both periods. 
It reveals that these platforms are suitable support for 
the adhesion of human fibroblasts.

Fig. 7  Cell viability graph 
at 24 and 48 h of cell incu-
bation. Asterisk indicates 
a statistically significant 
difference
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Is acknowledged that cell adhesion is not only 
affected by the surface functional group, but also by 
its density, surface wettability, and cell line (Arima 
and Iwata 2007). The wettability of a surface is intrin-
sically linked to its surface energy and roughness. In 
terms of surface wettability our results corroborate 
with previous studies which have shown that mod-
erately wettable surfaces that exhibits water contact 
angles in the range between 40 and 60° facilitates cell 
adhesion of normal and cancer cell lines (umbilical 
cord vein endothelial cells and HeLa cells) (Arima 
and Iwata 2007). On our finds, the BC-based platform 
with best efficiency of fibroblasts attachment (BC-SH 
CB dried at 28 °C) was the one that appeared within 
the range of optimal contact angle according to the 
literature for this purpose. Lastly, our findings suggest 
that siloxane-modified BC is a promising support for 
cell adhesion which might be engineered with regard 
to the functional group according to the desired prop-
erties and the cell line to be cultivated.

Conclusions

The current study demonstrated simple routes to 
prepare BC-functionalized siloxanes carrying  dif-
ferent functional groups for the purpose of obtain-
ing cellulose-based platforms. Particularly, BC was 
functionalized with thiol group by using MPTMS 
under catalytic  amounts of acid and base. Although 
FTIR spectra of the modified platforms were not 
significantly different from pristine BC, TGA analy-
sis revealed a faster mass loss evolution for the pre-
pared platforms and a higher residue mass associated 
with the silane grafted onto the cellulosic fibers. This 
was further certified by elemental analysis which 
have showed that the sulfur content of the modified 
platforms originating from the silane was 3–5 times 
higher than pristine BC. In addition, it was possi-
ble to observe in 13C NMR spectrum of the modi-
fied platform the signals associated with both the 
aliphatic chains inserted onto BC and the methylene 
carbons of Si−OCH2R. Contact angle measurements 
have shown that surface modification play an impor-
tant role in the hydrophobicity of BC membranes 
once those which that underwent acidic conditions 
have presented a considerable increase on their sur-
face hydrophobicity while the modified platforms 
produced under basic conditions had maintained its 

hydrophilic character. More importantly, the plat-
forms did not show cytotoxicity on normal human 
lung fibroblasts and have provided good cell attach-
ment, opening new pathways for different strains to 
be tested for the proposed application. Therefore, our 
findings suggest that MPTMS-modified BC could be 
conveniently used as platform for cell culture, con-
tributing towards the development of non-animal test-
ing in many fields of research.
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