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ABSTRACT: Bacterial cellulose (BC), a three-dimensional fibril, is a natural
polymer that can be used for many applications. BC effectiveness may be
improved by enhancing surface characteristics contributing to a better
physiologic interaction with human and animal cells and to intrinsically present
antimicrobial agents. In the present study, gentamicin-activated BC membranes
were obtained by chemically grafting RGDC peptides (R: arginine; G: glycine;
D: aspartic acid; C: cysteine) using coupling agent 3-aminopropyltriethox- e
ysilane (APTES) followed by covalent attachment of gentamicin onto the =
surface of the BC membrane network. X-ray photoelectron spectroscopy (XPS) e b
analyses showed that the BC—APTES contained 0.7% of silicon in terms of
elemental composition, corresponding to a grafting ratio of 1:12. The presence
of silicon and nitrogen in the BC—APTES confirmed the surface inhibiion of Promoles human
functionalization of the BC membrane. Fourier-transform infrared (FTIR) e e
analyses show the formation of the secondary amide as supported by the valence bond C=0 (vc_), a characteristic vibrational
transition at 1650 cm™" which is particularly intense with the BC—RGDC—gentamicin membrane. Energy-dispersive X-ray
(EDX) analyses showed a low level of carbon and nitrogen (C + N) in pure BC but a high level of (C + N) in BC—RGDC—
gentamicin confirming the surface modification of the BC membrane by RGDC and gentamicin enrichment. Of great interest,
the gentamicin—RGDC-grafted BC membranes are bactericidal against Streptococcus mutans but nontoxic to human dermal
fibroblasts and thus may be useful for multiple applications such as improved wound healing and drug delivery systems.
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B INTRODUCTION when compared with plant cellulose,’ justifying its potential use
in several applications. BC is a natural, biodegradable polymer
with excellent mechanical properties.* It consists of elementary
cellulose fibrils, whose diameter typically lies in the range of 3—
40 nm."* As plant cellulose, BC fibers contain both crystalline
and amorphous regions. The crystalline regions are responsible
for the fibers’ high tensile strength, while amorphous regions
provide flexibility to the cellulose structures.'>'® Chemically,
native cellulose contains a large number of hydroxyl groups

Biopolymers are shown to be applicable to alimentary,
biomedical, pharmaceutical, and biotechnological fields.' 3
Cellulose, one of the most versatile polymers, consists of
long linear chains of 1,4-f-p-glucopyranose linked by hydrogen
bonds giving it a hard network.*> Cellulose chain linearity
yields multiple elementary fibrils that aggregate into larger
bundles which contain crystalline and amorphous regions.
Cellulose crystallinity is dependent on the origin of the

cellulose and any physical or chemical modifications to which it leading to the formation of hydrogen bonds which contribute
was subjected.%” Because of its widespread occurrence as well to its interaction4vgith diverse molecules and macromolecules of
as uniform molecular structure and properties such as varying polarity.”> The adsorption and adhesion phenomena
polyfunctionality, hydrophilicity, and biocompatibility, cellulose depend on the organization of glucan chains located at the
is of great importance in both fundamental and industrial surface of the cellulose microfibrils."” As an example, the
research. ' In addition to plants, bacteria such as Acetobacter

xylinum are able to produce cellulose in the form of pellicles at Received: July 15, 2013

the air/liquid interface of the culture medium in static Accepted: January 7, 2014

culture.'™'* Bacterial cellulose (BC) exhibits superior purity Published: January 7, 2014
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association of hydrophilic structures, including hydrocolloids
such as xyloglucan, with cellulose can modify the mechanical
and chemical properties of cellulose.'®

Natural and synthetic polymer surface modification is a
common functionalization and bioactivation process. The uses
of small peptides show significant benefits when compared to
coating polymer surfaces with matrix proteins such as
fibronectin, which can be subjected to both enzymatic
degradation and immune inactivation.'”*® Use of the
arginine-glycine-aspartic acid (RGD) sequence to functionalize
polymer surfaces has been shown to contribute to cell adhesion,
spreading, and wound healing.m_24 Therefore, developing
hybrid biomaterials equipped with such peptide sequences
represents an attractive alternative to improve cell-biomaterial
interactions. Surface-functionalized BC to generate hybrid
polymers equipped with antimicrobial peptides is another
important application as previously shown by incorporating
aminoalkyl groups to the BC.*® In recent years multiple
interests were dedicated to studying BC production'' and the
development of new nanocomposite materials for various
applications.”®” In the present study, the BC polymer was
produced and functionalized by grafting arginine-glycine-
aspartic acid-cysteine (RGDC) peptides and then enriching
the polymer with an antimicrobial agent, gentamicin. RGDC-
functionalized BC polymers with and without gentamicin were
characterized in terms of chemical composition and morphol-
ogy. Functionalized BC polymers were also evaluated for
antimicrobial activity against Streptococcus mutans and the effect
on cell adhesion and proliferation using human gingival
fibroblasts.

B MATERIALS AND METHODS

Production of BC Membranes. Acetobacter xylinum (ATCC
52582) obtained from the American Type Culture Collection
(Rockville, MD) was cultivated in 12-well plates with S mL of culture
medium per well for 6 days at 28 °C in static culture conditions. The
nutrient medium contained 2 wt % glucose, 0.5 wt % peptone, 0.5 wt
% yeast extract, 0.27 wt % disodium hydrogen phosphate, and 0.115 wt
% citric acid. Bacterial cellulose pellicles were harvested and cleaned by
immersion in 2 wt % NaOH solution at 80 °C for 1 h. The BC
membranes were washed with deionized water and sterilized by
autoclaving (121 °C for 15 min). Membranes were then frozen at —80
°C and lyophilized. The specimens were kept in a desiccator before
analysis. The thickness of such membranes was estimated to 100—200
pm.
Surface Modification of the BC Membranes. The lyophilized
cellulose membrane surface was covered with covalently bound silane
chains. This was obtained by immersing the BC membranes in a
solution of 0.4 M/L 3-aminopropyltriethoxysilane (APTES, Sigma-
Aldrich, USA) in anhydrous toluene for 90 min with agitation under a
nitrogen atmosphere. The BCs were then rinsed three times with 25
mL of anhydrous toluene under nitrogen atmosphere. Following the
third wash, the APTES-grafted cellulosic materials were immersed in a
solution of dimethylformamide (DMF) for S min and then transferred
to a heterobifunctional cross-linker consisting of 2 mM/L of 3-
succinimidyl-3-maleimidopropionate (SMP, TCI America, USA), 2
mM in DMF for 90 min under nitrogen atmosphere. After the
reaction, BC membranes were washed three times with DMF then
immersed in a 1 mM/L RGDC (Arg-Gly-Asp-Cys, GenScript, USA)
solution in DMF. The contact of cellulosic membranes with RGDC—
DMEF solution was done overnight under light agitation. BC
membranes were then washed two times with anhydrous DMF
followed by three washes with distilled water and dried under sterile
conditions.

X-ray Photoelectron Spectroscopy (XPS) Analysis of the
Pure BC before and after APTES Treatment. The surface
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chemistry of the specimens was analyzed with a PerkinElmer PHI
model 5600 X-ray photoelectron spectrometer (Chanhassen, MN,
USA) for both a survey scan (aluminium X-ray source) to detect
surface elemental composition and a high-resolution scan (magnesium
X-ray source) on carbon and oxygen to detect surface functional
groups. The take-off angle was at 45°. The spectra were analyzed using
the software provided by the manufacturer.

Gentamicin Grafting onto Modified Cellulosic Membranes.
RGDC-functionalized BC membranes were immersed in gentamicin
sulfate solution (10 mg/mlL, Fisher Scientific, Ottawa, ON, Canada)
for either 24 h or 7 days. Gentamicin-grafted BC membranes were
then extensively washed with sterile distilled water,and dried in a
sterile atmosphere. Data presented in this manuscript are those
obtained after 24 h of contact between the RGDC—BC-functionalized
membrane and gentamicin.

Scanning Electron Microscopy (SEM) Analysis. Scaffolds (pure
BC, BC—RGDC, and BC—RGDC impregnated with gentamicin
solution) were subjected to SEM analyses. For this purpose, scaffold
dehydration was performed in a series of ethanol solutions of
increasing concentrations (50, 70, 90, and twice at 100% ), with a 5 min
dehydration treatment in each solution. The dehydrated specimens
were kept overnight in a vacuum oven at 25 °C, after which they were
sputtercoated with gold and examined with a JEOL 6360 LV SEM
(Soquelec) operating at appropriate accelerating voltage. Photos were
taken from the membrane surface and on membrane cross sections.
These were used to determine the thickness of each type of membrane
(n=4).

Fourier Transform Infrared Spectroscopy (FTIR). Pure BC,
BC—RGDC, and BC—RGDC—gentamicin membranes were analyzed
on a Magna 850 FTIR spectrometer (Thermo Scientific, Madison, WI,
USA) using a nitrogen-cooled MCT detector and OMNIC software. A
Golden Gate accessory (Specac Ltd., London, U.K.) was used to press
the samples up to 80 Ibs on an ATR diamond. For each analysis, 128
scans were averaged per sample (1 = 4) with a resolution of 4 cm™.

Energy-Dispersive X-ray Spectroscopy (EDX) Analysis. Pure
BC, BC—RGDC, and BC—RGDC—gentamicin were subjected to EDX
analyses. Dried specimens were sputter coated with Au—Pd, and the
specimens were analyzed by means of EDX (Genesis XM2 Imaging 60
System-EDAX, USA). The experiment was repeated four times, and
representative photographs were taken (n = 4).

Assay of Antimicrobial Activity. Antibacterial activity of the pure
BC, BC—RGDC, and BC—RGDC-—gentamicin membranes was
determined against S. mutans (ATCC 25175) using a disc diffusion
method. Initial cultures of S. mutans were grown at 37 °C in TYE
medium containing (per liter) 10 g of tryptone (Difco Laboratories,
Detroit, MI, USA), 2.5 g of NaCl, 2.5 g of NaHPO,, and 0.5% (w/v)
glucose until the optical density at 660 nm reached 0.4. The bacteria
were then harvested by centrifugation, washed three times in TYE
medium, and then adjusted to 10° cfu/mL. The bacterial suspension
was used to overlay a 60 mm diameter Petri dish containing gelose
agar. Subsequently, the different BC membrane (pure BC, BC—
RGDC, BC—RGDC—gentamicin) discs (S mm diameter) were placed
on the bacteria-seeded agar surfaces (one disc per plate) and incubated
at 37 °C for 24 h. The inhibition zone was photographed and
estimated by measuring the diameter to the nearest whole millimeter.
The experiment was repeated four times, and the average value was
calculated (mean + SD).

Human Fibroblast Adhesion and Proliferation after Culture
onto BC Membranes. Normal human skin fibroblasts (ScienCell
Research Laboratories, Carlsbad, CA, USA) were cultured in
Dulbecco’s modified Eagle’s (DME) medium supplemented with
10% fetal bovine serum (FBS). The medium was changed three times
a week. When the culture reached 90% confluence, the cells were
detached from the flasks with a 0.05% trypsin—0.1% EDTA solution,
washed twice, and resuspended in FBS-supplemented DME medium.
Cells were seeded (10° cells/cm?) onto the different BC membranes.
Cultures were maintained in a $% CO, humid atmosphere at 37 °C for
24 and 48 h. At the end of each culture period, the cell-populated BC
membranes were subjected to a MTT viability assay. Briefly, a stock
solution (S mg/mL) of MTT (tetrazolium dye) was prepared in PBS
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and added to each culture well at a final concentration of 10% (v/v).
The fibroblast-populated BC membranes were then incubated for 4 h
at 37 °C with MTT. The supernatant was then removed, and BC
membranes were washed once with warm PBS. After washing, the BC
membranes were overlayed with 1 mL of 0.04 N HCI in isopropanol
and incubated for 15 min under agitation. Finally, 200 uL (in
triplicate) of the reaction mixture was transferred to a 96-well, flat-
bottom plate, and absorbance was measured at 550 nm using an
enzyme-linked immunosorbent assay (ELISA) reader (X-Mark
microplate spectrophotometer, BioRad Laboratories, Mississauga,
ON, Canada). To confirm the biocompatibility of the BC membranes
we analyzed cell adhesion and density on each BC membrane by using
Hoechst staining. To do so, following each culture period, specimens
were washed and fixed with 25% glacial acetic acid in a methanol
solution (v/v). Each well was then supplemented with 0.5 mL of
Hoechst 33342 (H42) (Riedel de Haen, Seele, Germany) in PBS (1
mg/mL), and the specimens were incubated in a dark environment for
10 min at room temperature prior to being extensively washed with
distilled water and observed under an epifluorescenc light microscope
(Axiophot, Zeiss, Oberkochen, Germany). Results are reported as the
mean + SD of four separate experiments.

Statistical Analyses. Each experiment was performed four times,
with experimental values expressed as the means + SD. The statistical
significance of the differences between the control (pure BC) and the
experimental (gentamicin—RGDC-functionalized BC) values was
determined with a one-way ANOVA. Posteriori comparisons were
performed using Tukey’s method. Normality and variance assumptions
were verified using the Shapiro—Wilk test and the Brown and Forsythe
test, respectively. All of the assumptions were fulfilled. P values were
declared significant at <0.05. Data were analyzed using the SAS
version 8.2 statistical package (SAS Institute Inc,, Cary, NC, USA).

B RESULTS AND DISCUSSION

On the basis of the fact that BC is a unique and promising
material for use as a modified or unmodified structure for
multiple applications, due to its composition'' and its ability to
be engineered structurally and chemically on nano-, micro-, and
macroscales,”®**® we optimized experimental conditions to
engineer BC hydrogel as a three-dimensional thick membrane
(Figure 1a). Following washing and lyophilization, the scaffold
was subjected to SEM analysis. The unmodified BC membrane
shows the expected nanofiber structure (Figure 1b). Due to its
three-dimensional micro- and nanofibrillar structure, along with
its inherent biocompatibility,** BC has generated considerable
interest for use in different applications including tissue
replacement, medical implants, drug delivery systems,®® and
wound healing.>" The potential use of BC was encouraged by
polymer functionalization with different molecules or chemical
groups to impact BC interaction with mammalian cells®* and
also to improve antimicrobial strategies against infection.”® For
this purpose, we first activated the BC surface with the primary
amine groups (—NH,) in APTES (Figure 2) through the
interaction of the hydroxyl (—OH) groups of the BC with the
silicon atom on APTES. XPS data showed that the BC—APTES
contained 0.7% of silicon in terms of elemental composition
(Table 1). Because no silicon was detected in the original BC,
the presence of silicon in the BC—APTES was attributed to the
APTES grafted on BC fibers rather than to contamination. On
the basis of the theoretical structure of BC that contains 11
atoms (S oxygen and 6 carbon) in each repeat unit and the
theoretical structure of the grafted and hydrolyzed APTES that
contains 7 atoms (3 carbon, 2 oxygen, 1 silicon, and 1
nitrogen), this 0.7% of silicon corresponds to a grafting ration
of 1:12, meaning every 12 repeat units in BC structure were
grafted with 1 APTES (1/((11 X 12) + 7)) = 0.7%). While this
is only an estimation because of the presence of other trace
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Figure 1. BC production and analyses: macroscopic observation of the
BC materials (a), SEM image of the pure BC membrane (b, bar 2
um), and chemical structure of cellulose (c).

elements and irregular structures in BC, the low grafting ratio
was confirmed, and it also explained why no significant
difference was detected between the *C NMR spectra of BC
and BC—APTES (data not shown). The slightly lower oxygen
content in the APTES grafted BC (39.2 in BC—APTES vs 43.2
in BC) also supports this low grafting ratio (APTES contains
less oxygen than BC does). However, the presence of high
nitrogen content (3.7%) relative to silicon content in the BC—
APTES cannot be solely explained by the primary amine group
in APTES (theoretical ratio of Si:N = 1 in APTES). The high-
resolution spectrum of O,; showed two peaks assigned to
hydroxyl and ether groups. The slightly increased OH groups in
BC—APTES support the grafting of APTES and the hydrolysis
of the two CH;CH,—O-Si groups. The C;; was assigned to
hydrocarbons CCC, CCO, and OCO, and among them the
CCC in BC is likely from contamination and the structures
different from the theoretical chemical form of BC, which was
also reported elsewhere.*> We then produced the gentamicin-
enriched BC membrane following grafting RGDC to the
APTES on the BC membrane surface (Figure 2). These include
the interactions of the hydroxyl (—OH) groups of the BC with
the silicon atoms on APTES to create an activated BC surface
enriched with amine groups (—NH,). These amine groups can
react with the ester (—COO) of the cross-linker SMP. Covalent
binding of RGDC is possible through nucleophilic interaction
of the thiol (—SH) of cysteine with the cross-linker.
Gentamicin was then grafted to the BC—RGDC complex
through available carboxylic acid (—COOH) on RGDC and the
amine groups of the gentamicin. These different steps produce
an antimicrobial active BC surface functionalized with RGDC
and gentamicin. Similar work has ?reviously been reported
incorporating different molecules®**” into the 3D network of
the BC to improve its antimicrobial role.

Functional Groups on the BC—RGDC-—Gentamicin.
The functional groups of different BC membranes were
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Figure 2. Chemical mechanism of BC membrane surface activation by grafting of RGDC and gentamicin. The covalent binding also requires 3-
aminopropyltriethoxysilane (APTES) as an initiator and succinimidyl maleimidopropionate (SMP) for cross-linking.

analyzed using FTIR surface analyses, showing interesting
differences between the different BC membranes. The
complete spectra showed typical C—H vibrations near 2900
cm™! and O—H vibrations near 3300 cm™ that are common for
BC (Figure 3I). Enlargement of the IR spectra between 1800
and 900 wavenumber/cm showed (Figure 3II) that the

absorption at 1650 cm™’, characteristic of amide I in peptide

(C=0 stretching), is observed for BC (C), BC-RGDC (B),
and BC—RGDC—gentamicin (A). Because ideal BC does not
contain a C=0 group (Figure 1), the presence of the amide I
in spectrum C is probably because of the contamination or
irregular structures as detected by XPS (Cy,). The addition of
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Table 1. XPS Analysis of BC and BC—APTES Fibers

surface elemental composition (%)

samples C (0] N Si Na P Cl Ca
BC 50.2 432 0.7 4.4 0.9 0.4 0.2
BC—APTES 56.4 39.2 3.7 0.7
surface chemical groups (%)
C-0-H C-0-C (C-C-C C-C-O0 0-C-O
BC 90.5 9.5 18.0 58.5 23.5
BC-APTES 93.0 7.0 22.3 53.2 24.5

Figure 3. FTIR spectra of the different materials. (I) Complete IR
spectra of each material; (II) enlarged IR spectra (1800—900). In
panel (II), the FTIR spectra were normalized against the absorption at
1056 cm™" for all modified membranes. A: BC—RGDC—gentamicin.
B: BC—RGDC. C: Pure BC (n = 4).

RGDC is evidenced by the amide II at about 1560 cm™
(Figure 31I, N—H bending + C—N stretching) that is stronger
in spectrum B than that in spectrum C. The strongest amide I
in the spectrum of BC—RGDC—gentamicin is because of the
contribution of the primary amine groups in gentamicin (N—H
bending). No absorption of C=0 in carboxylic acid or in ester
between 1700 and 1750 cm™ was observed, likely because of
the limited number of carboxylic acid groups in BC—RGDC.
Similar data were reported with RGD-functionalized chitosan
polymer showing an absorption band at 1474 cm™" confirmin
the introduction of methyl groups on the chitosan backbone.’
These data support our work showing the functionalization of
BC through RGDC grafting groups. To further confirm this
functionalization, we performed EDX analyses. Figure 4 shows
a low level of carbon and nitrogen (C + N) with pure BC. This
level is increased with BC—RGDC and BC—RGDC-—
gentamicin. The highest level of C + N is obtained with the
RGDC-functionalized BC membrane that has been covalently
enriched with gentamicin. This further confirms the surface
modification of the BC membrane by RGDC and gentamicin
enrichment.

Surface Morphology of the BC Membranes. The
morphology of the pure BC-functionalized membranes was
observed by SEM (Figure S). The fibers show homogeneous
shape with smooth surfaces (Figure Sa). The pure BC
membrane showed a high density of pores spread over the
surface of the BC membranes. Attachment of the RGDC
peptide on the surface of the BC nanofibers and the effect of
immersion of the membranes in apolar and low-polarity
solvents decreases the apparent porosity on BC—RGDC
(Figure Sb). It is also important to note that pores are still
available over the surface of the BC—RGDC-functionalized
membrane. These pores may facilitate scaffold colonization
with cells when used as a cell growth vehicle. Both pure BC and
BC—RGDC-functionalized membrane show a typical 3D
network structure. These data are comparable to those obtained
with BC functionalized with aminoalkyl groups.”® Similarly,

C+N

12 |
A BC-RGDC-gentamicin
@10 -
o
e
(-
O
E
E o
z _. BC-RGDC
2 4

2 4

Na
] — v + v - +
0.00 0.20 0.40 0.60 0.80 1.00 1.20
Energy (kV)

Figure 4. Energy-dispersive X-ray spectroscopy (EDX) analyses: BC
and modified BC membranes were analyzed with EDX and presented
(n = 4). Analyses showed increased total level of carbon and nitrogen
(C + N) with the grafting of RDGC and gentamicin. C + N: total level
of carbon and nitrogen. O: level of oxygen. Na: level of sodium.

Figure 5. Scanning electron microscopy images. (a) Pure BC
membrane, (b) BC—RGDC membrane, and (c) BC—RGDC—
gentamicin membrane (scale bars, 2 ym).

bacterial cellulose functionalized with pectin showed nanofiber
embedment and reduced pore density.*® The next question is:
what is the surface morphology of the BC when functionalized
with RGDC and coupled to gentamicin? Figure Sc shows a
similar morphological structure as the pure BC or the RGDC-
functionalized BC, even though it still appears less porous than
pure BC. These results are comparable to those reported by
Saska et al,>’ showing that osteogenic growth peptide
incorporation into BC membranes did not change the
morphology of the BC nanofiber and its crystalline pattern.*”
It is also important to note that even after RGDC—gentamicin
fixation onto the surface of the BC membrane several pores are
still available. Thus, the functionalization of the BC membrane
by grafting RGDC—gentamicin does not lead to inappropriate
surface modification of the BC membrane. The examination of
the BC membrane cross-section confirmed that the increased
membrane thickness is probably caused by the solvent DMF
that can swell BC as seen in Figure 6. Such swelled structure
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Figure 6. Thickness of the different BC membranes. Following surface
functionalization or not, BC membranes were subjected to SEM
analyses. Representative photos were presented. Thickness was
determined using different cross sections from different membranes
(n = 4).

also favors entrapment of RGDC peptides and gentamicin.
Because SEM and FTIR analyses show changes at the surface
and the thickness of functionalization of the BC membrane by
RGDC—gentamicin grafting, it is important to confirm such
results by investigating antimicrobial activity of the gentamicin-
enriched BC membranes.

Bacterial Activity of Gentamicin—RGDC-Functionalized BC
Membrane. The effect on bacterial growth of the grafted
gentamicin on BC nanofibrils was assessed by inoculating BC
membranes with S. mutans bacteria. As shown in Figure 7, the
pure BC membrane (Figure 7a) and RGDC-functionalized BC

Figure 7. Efficacy of gentamicin—RGDC-grafted BC againt S. mutans
growth: representative photos of the inhibition zone of the
gentamicin—BC membrane against S. mutans growth following 24 h
incubation at 37 °C. (a) Pure BC, (b) pure gentamicin; (c¢) RGDC—
BC; and (d) BC—RGDC—gentamicin (n = 4).
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membrane (Figure 7c) have no effect on bacterial growth.
However, BC—RGDC—gentamicin shows a significant reduc-
tion in bacterial growth after 24 h (Figure 7d). These
observations were confirmed by measuring the inhibition
zone of bacterial growth on gelose agar (Figure 8). No growth

3

25

2]

1.6

Bacterlal growth Inhibition
{(Dlameter, cm)

0.5

BC-RGDC | o=

No antibiotics | =
Gentamicin

BC-RGDC-Gentamicin

Figure 8. Measurement of the inhibition zone diameter of gentamicin
bioactivated BC membranes. *: P < 0.01 when comparing the pure BC
membrane to the gentamicin—RGDC-functionalized membrane (n =
4).

inhibition was noted with either pure BC or RGDC-
functionalized BC membranes. Gentamicin grafted to BC
through RGDC peptide linkage shows significant growth
inhibition as ascertained by diameter size measured on gelose
agar. Thus, the bactericidal activity of the functionalized BC
membrane is due to the introduction of gentamicin onto the
BC nanofibrils. Our data are comparable to those BC
membranes functionalized with aminoalkyl groups.”® Overall,
these data demonstrate the ability to improve the bactericidal
activity of the BC membrane by grafting an antibacterial agent
onto the cellulose nanofibers through RGDC linking. Since
RGD—peptide interactions are possible with a variety of
proteins, other agents could possibly be grafted onto
functionalized BC surfaces. Such BC membranes could be
useful to control tissue infection. When used for such
applications, a functionalized BC membrane will also be in
contact with human cells raising the concern of BC
biocompatibility.

Effect of the Functionalized BC Membrane on Human
Fibroblast Adhesion/Growth. The effect of the function-
alized BC membrane network on the adhesion and proliferation
of human skin fibroblasts was investigated. Previously, multiple
cell lines have been used to investigate the biocompatibility of
polymers based on bacterial cellulose.”****” As expected, pure
BC membranes were nontoxic to human fibroblasts (Figure 9).
Furthermore, when adding RGDC to BC membranes, we see a
significant increase of fibroblast number at 24 and 48 h. Since
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Figure 9. Biocompatibility of gentamicin—RGDC—BC membranes:
Human dermal fibroblast proliferation on contact with BC and BC-
functionalized membranes after 24 and 48 h culture. Data are
presented as mean + standard deviation (n = 4). (*) refers to p < 0.01
when comparing to controls (fibroblast seeded pure BC). (#) refers to
p < 0.01 when comparing 24 to 48 h.

peptides such as RGDC were identified as mediating the
attachment of cells to several plasma and ECM proteins
including fibronectin, vitronectin, and laminin,'>* multiple
initiatives have been used to deposit RGD-containing peptides
on the surface of different biomaterials improving mammalian
cell adhesion and growth.'”*" Through this surface modifica-
tion it is possible to add new properties to an identified
polymer by integrating antimicrobial peptides or cell growth
promoting factors.*>* In the present study, after BC surface
functionalization with RGDC grafting groups, we incorporated
gentamicin, showing the usefulness of such surface modification
to control bacterial growth. We also tested the biocompatibility
of such a membrane, showing the possibility of culturing
human fibroblasts on the BC-functionalized membrane without
observing any toxic effect. It is interesting to note that the
surface-modified BC membrane with and without gentamicin
significantly (p < 0.01) promotes fibroblast adhesion and
growth as compared to nonfunctionalized BC membranes
(Figure 9). These results were supported by the Hoechst
staining. As shown in Figure 10, cells were spread out on the
surface of each tested BC membrane. The cell density was
higher after 48 h culture as compared to 24 h culture. It was
also noted that the RGDC-functionalized BC membrane
promotes cell adhesion and growth as compared to pure BC.
These data confirmed those obtained with MTT assay. A
similar observation was reported after BC functionalization with
aminoalkyl groups.”® In vivo studies showed that surface
modification and gentamicin grafting onto hydroxyapatite
material showed bone regeneration and limited tissue infection
confirming the usefulness of antibiotic grafting through RGD
groups onto the surface of polymers such as BC.**

H CONCLUSION

In this study, BC—nanofiber membranes were produced and
functionalized by introducing RGDC groups and further

48h

BC-RGDC Pure BC

BC-RGDC-Genta

Figure 10. Visualization of fibroblast adhesion and growth onto BC-
functionalized membranes. Cells were seeded onto different BC
polymers and cultured for 24 or 48 h. Membranes were then were
subjected to Hoechst staining. Representative photos were presented
(scale bars, SO pm).

modified by introducing gentamicin onto the surface. XPS,
FTIR, EDX, and SEM analyses confirmed the surface
functionalization showing the presence of RGDC groups and
gentamicin. The bactericidal activity of the RGDC—gentamicin-
modified BC membrane was demonstrated by inhibiting the
growth of S. mutans. The designed BC membrane was
biocompatible, allowing human fibroblast growth. This
biocompatibility was further enhanced by surface modification.
This novel BC—RGDC—gentamicin membrane can therefore
be seen as an effective antimicrobial candidate for multiple
applications such as wound healing and drug delivery systems.
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