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Abstract The increasing resistance of pathogens and
bacteria is a serious problem in the medical treatment of
wounds and injuries. Therefore, new therapeutic agents
are not solely based on antibiotics, but also on the use of
antimicrobial metal nanoparticles. In this paper we
present an innovative method to prepare porous hybrids
consisting of bacterial nanocellulose (BNC) and silver
nanoparticles (AgNPs). The stepwise modification is
based on fairly simple chemical reactions already
described for two-dimensional cellulose films. We
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transferred this method to the three-dimensional,
porous network of BNC leading to an antimicrobial
activation of its surface. Compared to former
approaches, the ultrafine network structure of BNC is
less damaged by using mild chemicals. The amount and
distribution of the AgNPs on the modified BNC was
investigated using scanning electron microscopy. The
AgNPs are firmly immobilized on the top and bottom
surface of the BNC by chemical interactions. Their size
and quantity increase with an increasing concentration
of AgNO; and extended reaction time in the AgNO;
solution. A strong antimicrobial activity of the BNC-
AgNP hybrids against Escherichia coli was detected.
Furthermore, agar diffusion tests confirmed that this
activity is restricted to the modified dressing itself,
avoiding a release of NPs into the wound. Therefore,
the produced hybrids could be potentially suited as
novel antimicrobial wound dressings.
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Bacterial nanocellulose

Introduction

The ancient Greeks, Egyptians, and Romans already
used various metals and metal salts to clean wounds,
taking advantage of their antimicrobial effect. However,
the discovery of antibiotic substances has suppressed
the utilization of antimicrobial metals in medical
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applications. Today, clinicians face the serious problem
of a growing number of pathogens having developed a
resistance to antibiotics (Calfee 2012). Consequently,
they intensively discuss the reuse of metals for wound-
healing systems. Current research activities are mainly
focused on the antimicrobial activity and effectiveness of
silver nanoparticles (AgNPs) against various microor-
ganisms (Schierholz et al. 1998; Monteiro et al. 2009;
Zimmermann et al. 2011). It was demonstrated that
AgNPs with their high specific surface area exhibit
strong cytotoxicity towards fungi and viruses (Panyala
et al. 2008; Monteiro et al. 2009). Furthermore, AgNPs
lead to an enhanced growth inhibition of bacterial
colonies such as Staphylococcus aureus and Escherichia
coli (E. coli) (Sondi and Salopek-Sondi 2004; Cho et al.
2005). They can attach to the surface of the bacteria
membrane and drastically disturb its proper function
(e.g., permeability and respiration). Besides, the AgNPs
are able to penetrate inside the bacteria and cause further
damage by interacting with deoxyribonucleic acid
(Morones et al. 2005). AgNPs usually release silver ions
under physiological conditions. These silver ions accu-
mulate on the functional (sulthydryl-, phosphoryl-)
groups of enzymes and proteins that are important for
the metabolism of bacteria cells. Vital enzymes were
inactivated, deoxyribonucleic acid loses its replication
ability, and structural changes in the cell membrane
occur. As a consequence, bacteria were inactivated as
well (Sondi and Salopek-Sondi 2004; Morones et al.
2005; Gordon et al. 2010). Although the exact antimi-
crobial mechanism of AgNPs still remains unclear, it
seems certain that several mechanisms lead to the
inactivation of bacterial cells and impede the develop-
ment of a resistance to silver (oligodynamic effect)
(Knetsch and Koole 2011). However, a few studies
pointed out occasional Ag-resistances of e.g. Pseudo-
monas aeruginosa (Bridges et al. 1979) or E. coli (Silver
2003) that may develop if the concentration of silver is
not high enough to exert a bactericidal effect. Fortu-
nately, the probability for the transfer of silver-resis-
tance-genes seems to be low and difficult to maintain
(Percival et al. 2005). Moreover, other studies have
shown that bacteria carrying silver-resistant genes still
remained susceptible to silver-dressings (Loh et al.
2009). Thus, the clinical threat can be considered low
(Chopra 2007).

Consequently, nowadays a broad range of products
making use of various scaffold materials and dressings
for the immobilization of Ag and AgNPs is utilized in
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antimicrobial wound-healing systems (Castellano et al.
2007). Among them, bacterial nanocellulose (BNC) has
recently attracted particular attention due to its outstand-
ing properties. BNC is a highly biocompatible hydrogel
that is produced by bacteria strains of the species
Gluconacetobacter xylinus (Klemm et al. 2005; Klemm
etal. 2011). It consists of a three-dimensional network of
nanosized fibers (40—60 nm in diameter) with a high
specific surface area (100-200 m*/g) (Ishida et al. 2004;
Klemm et al. 2006; Kralisch et al. 2010; Yun et al. 2010).
It features a high purity, a high degree of polymerization
(up to 8,000), a high crystallinity (up to 90 %), a high and
controllable water content (approx. 99 %), and superior
mechanical properties in the never-dried state (Klemm
et al. 2001, 2005; Czaja et al. 2007; Kralisch et al. 2010).
The high water absorption capacity and water retention
allows to clean wounds, take up exudates and to sustain a
humid and warm wound climate from which the healing
process benefits significantly (Waring and Parsons 2001;
Walker et al. 2003). Further, BNC represents an effective
barrier to the entry of microorganisms (Fontana et al.
1990). Its suitability for the therapy of wounds, especially
burns and ulcers, has been already demonstrated in
several studies (Jonas and Farah 1998; Wiegand et al.
2006; Czaja et al. 2006, 2007; Solway et al. 2011).
However, BNC itself does not feature an antimicrobial
activity (Maneerung et al. 2008). This limitation can be
overcome by developing hybrid materials which com-
bine the antimicrobial properties of AgNPs with the
unique structural properties of BNC. In recent years,
various methods have been described to prepare such
antimicrobial wound-healing systems (Maneerung et al.
2008; Sureshkumar et al. 2010; Barud et al. 2011; Yang
et al. 2011, 2012). Most of them use AgNO; solutions in
combination with strong reducing agents (e.g., sodium
borohydride). However, the AgNPs tend to form rela-
tively large particle agglomerates that are immobilized
only by physical interactions and not by chemical bonds.

To avoid these disadvantages a more gentle modi-
fication of BNC was examined in this work. A stepwise
modification was chosen, based on a procedure that was
previously described for two-dimensional cellulose
films (Alila et al. 2009; Ferraria et al. 2010). The
method uses the grafting of diaminoalkanes that were
activated by N,N'-carbonyldiimidazole (CDI). As a
consequence, a CDI induced cross-linking of cellulose
chains might occur. The possibility of this side-reaction
was suggested in the context of dextran esterification
(Heinze et al. 2006). However, the different phases of
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the modification process were confirmed by Alila et al.
(2009) and Ferraria et al. (2010) using cross-polarized/
magic-angle spinning '*C solid state nuclear magnetic
resonance spectroscopy, fourier transform infrared (FT-
IR) spectroscopy in attenuated total reflection in
multiple internal reflections, X-ray photoelectron spec-
troscopy, as well as atomic force microscopy. In the
experimental work of this group, dimethyl sulfoxide
(DMSO) was used as a mild reducing agent. Appended
amine groups operate as anchoring centers for the
selective generation and chemical immobilization of
the AgNPs (Boufi et al. 2011).

We transferred this method to three-dimensional,
porous BNC substrates. The amount and distribution
of the AgNPs immobilized on the BNC network were
examined by scanning electron microscopy (SEM)
equipped with energy dispersive x-ray analysis
(EDX). The influence of parameters such as concen-
tration of AgNO; and reaction time was determined.
Furthermore, the antimicrobial activity of the BNC-
AgNP hybrids was evaluated.

Materials and methods
Synthesis of BNC

BNC was synthesized by a static cultivation of the
Gluconacetobacter xylinus strain DSM 14666 (Ger-
man Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) using the Hestrin-Sch-
ramm-Medium (HSM) as a culture medium (Hestrin
and Schramm 1954). HSM was prepared by adding
10.0 g D-(+)-glucose (purity > 99.5 %, Fluka, Buc-
hs, Switzerland), 2.5 g bacto peptone (Difco Labora-
tories, Detroit, MI), 2.5 g yeast extract (Difco
Laboratories, Detroit, MI), 1.7 g disodium hydrogen
phosphate dihydrate (purity > 99.5 %, Fluka, Buchs,
Switzerland), and 0.575 g citric acid monohydrate
(purity > 99.5 %, Fluka, Buchs, Switzerland) to
500 mL of deionized water. The culture medium
was adjusted to a pH-value of 6.0-6.3. Subsequently,
it was sterilized by autoclaving at 121 °C for 20 min
(VARIOKLAV, HP Medizintechnik, Oberschleif3-
heim, Germany). 5 mL of the culture medium was
pipetted in each well of a 12-well plate. A seven day
old preparatory culture of the strain DSM 14666 was
added to the culture medium in the ratio 1:20. The
solution was cultivated under static conditions in an

incubator (Binder, Tuttlingen, Germany) for 14 days
at 28 °C. The resulting BNC fleeces were washed with
distilled water and soaked in a boiling 0.1 N aqueous
sodium hydroxide solution for 30 min. This method
results in the removal of bacterial cells and compo-
nents of the culture medium and therefore leads to a
distinct decline of any amino compounds (Klemm
et al. 2001; Wiegand et al. 2006). Subsequently, they
were washed in distilled water until reaching a pH-
value of approximately 7.0. Finally, the BNC-samples
were sterilized by autoclaving at 121 °C for 20 min.

Preparation of BNC-AgNP hybrids

The modification of BNC with AgNPs was achieved by
a three step procedure (Fig. 1). At first, BNC was
activated in a solution of CDI (¢ = 5.0 x 1072 mol/L)
in anhydrous dimethyl sulfoxide (DMSO). 12 BNC-
samples (dry mass 0.53 g) were immersed in a solution
of 300 mL DMSO (purity > 99 %, H,0 < 0.2 %,
Merck, Darmstadt, Germany) and 2.44 g CDI (Sigma-
Aldrich, Munich, Germany) at 50 °C for 2 h while
continuously stirred (Fig. 1a). Secondly, the BNC-
samples were dipped into a solution of 1,4-diaminobu-
tane (DAB, ¢ =1.0 x 1072 mol/L) in anhydrous
DMSO. For this purpose a solution consisting of 300
mL DMSO and 0.3 mL DAB (purity > 98 %, Alfa-
Aesar, Karlsruhe, Germany) was prepared. The 12
activated BNC-samples were transferred directly from
the CDI solution into this solution and were treated for
2 h at room temperature while continuously stirred
(Fig. 1b). Subsequently, the BNC-samples were rinsed
in 300 mL ethanol (purity > 99.8 % with about 1 %
methyl ethyl ketone, Roth, Karlsruhe, Germany) and
then in 300 mL deionized water for 15 min using a
magnetic stirrer in order to remove amines that are not
chemically bound. In the last step, the BNC-samples
were immersed in approximately 300 mL solution
consisting of 150 mL DMSO, 150 mL deionized water,
0.02 g anhydrous sodium acetate (J.T. Baker, Deventer,
Netherlands), and silver nitrate (AgNO;, Applichem,
Darmstadt, Germany) for 1 h at room temperature under
continuous stirring (Fig. 1c). Finally, the modified
BNC-samples were washed abundantly in deionized
water. To evaluate the influence of the AgNO; concen-
tration on the amount of incorporated AgNPs, AgNO;
concentrations of 2.5 x 107> mol/L (Ag2.5),5 x 1073
mol/L (Ag5), 1 x 107 mol/L (Agl0), and 2 x 107>
mol/L (Ag20) were used in the third modification step
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(Fig. 1c). To evaluate the influence of the reaction time
on the amount of incorporated AgNPs, the BNC-samples
were immersed in a solution with a AgNOj; concentra-
tion of 5 x 1072 mol/L for 1 h (Ag5-1 h, correlates to
AgS), 2 h (Ag5-2 h), and 3 h (Ag5-3 h). Unmodified
BNC-samples (BNC) were used as a reference. One half
of the samples was freeze-dried at a pressure of 47 Pa
and at a condenser temperature of —85 °C for 48 h
(Christ Alpha 2-4 LSC, Osterode am Harz, Germany).
The other half was sterilized by autoclaving at 121 °C for
20 min and stored in distilled water (never-dried).

Characterization of BNC-AgNP hybrids

Evidence for the occurrence of the reaction at
each modification step was confirmed by FT-IR

Fig. 1 Schematic (a)
illustration of the three step
procedure to prepare hybrids
consisting of BNC and
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spectroscopy. Freeze-dried samples were directly
measured using the attenuated total reflectance tech-
nique (Bruker Optics ALPHA FT-IR spectrometer,
Bruker Optik, Ettlingen, Germany) with an accuracy
of 4 cm™"'. All spectra were obtained by accumulation
of 24 scans at 400-4,000 cm™! and subsequent
normalization at the band at 3,347 cm™! due to the
intramolecular hydrogen bonds of BNC. Analyses of
the Water Absorption Capacity and Water Holding
Capacity confirmed that no swelling or shrinking of
the BNC material occurred due to the modification
(see ESM 1). Additionally, elemental analyses of
freeze-dried samples were performed using the mean
value of 3 samples to detect nitrogen that could be
introduced during the modification steps (Leco
CHNS-932, LECO Instrumente GmbH, Monchen-
gladbach, Germany).
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The microstructure of the BNC-AgNP hybrids was
examined by SEM (Leica S 440i, Wetzlar, Germany).
Freeze-dried samples were sputtered with gold (Edwards
Sputter Coater S150B, Crawley, UK). The top and
bottom surface of the samples were examined both due to
the anisotropic structure of BNC (Klemm et al. 2001;
Wesarg et al. 2012). The amount and the distribution of
the AgNPs of each AgNO; concentration and reaction
time were determined from three SEM images. The
digital image data were processed and evaluated using
the software package Image] 1.45 (Wayne Rasband,
Bethesda, MD). EDX analyses were carried out to verify
the presence of silver by using the software Link Isis
(Oxford Intruments, Oxfordshire, UK).

The antimicrobial activity of the top and bottom
surface of three never-dried samples prepared at an
AgNO; concentration of ¢ = 5.0 x 107> mol/L and a
reaction time of 1 h (Ag5) was evaluated by the BacTiter-
GLO test (BTG test), the determination of colony
forming units (CFU), and by agar diffusions tests. Pure
BNC (BNC) was used as a reference. In the case of the
BTG test and the CFU determination, the samples were
transferred in 12-well plates with the surface facing
upwards. E. coli bacteria from the strain HB 101 were
cultivated in soybean casein digest medium (Sifin,
Tryptic Soy Broth medium A, Berlin, Germany) (Zim-
mermann et al. 2011). Each sample was loaded with
1.0 mL E. coli suspension. Then the samples were placed
in an incubator (GFL, Burgwedel, Germany) for 3 h at
37 °C and 90 rpm. The BTG test (Promega, Madison,
USA) was used to detect the presence of bacteria. For
testing, adenosine triphosphate (ATP) produced by living
cells was utilized. The BTG reagent lyses the cells and
converts the ATP by a luciferin-luciferase process which
results in a luminescence signal (Zimmermann et al.
2011; Arora and Mitragotri 2010). 50 puL suspension from
all cultured samples were transferred to a white non-
transparent 96-well plate. 50 L BTG reagent was added
and mixed with a mixmate microplate shaker (Eppendorf,
Hamburg, Germany) for 5 min at 850 rpm. The lumi-
nescence of the suspensions was measured in a micro-
plate reader (Tecan, Genios Pro, Crailsheim, Germany).
The initial luminescence of 1.0 mL E. coli suspension
amounts to 75,000 counts. The results were analyzed by
using the Magellan V 5.00 software. Furthermore, the
antimicrobial effect was quantified by measuring the
CFU of E. coli in the suspensions after contact with the
samples. For this purpose, serial dilutions of each tested
suspension were prepared and cultivated on agar plates.

The agar plates were produced using soybean casein
digest ager (Sifin, Tryptic Soy Agar, Berlin, Germany) as
culture medium. Next, 100 pL suspension from each
cultured sample were transferred and diluted 1-fold,
10-fold, 100-fold and 1,000-fold. 30 puL (inoculum) of
each dilution were dripped on quartered agar plates. The
agar plates were cultivated in an incubator at 37 °C for
18 h. Subsequently, the agar plates were scanned and the
colonies that formed from a 1,000-fold dilution were
counted. The number of CFU per milliliter suspension
was calculated from the number of colonies, the level of
dilution, and the inoculum (Bast 2001; Zimmermann
etal. 2011).

Agar diffusion tests were used to evaluate the
formation of an inhibition zone around the BNC-AgNP
hybrids (Hipler et al. 2006). For this purpose, colonies
of a pure culture of E. coli bacteria (DSM 5923, German
Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) were inoculated in 5 mL
Mueller-Hinton broth (BD, Franklin Lakes, NJ) and
incubated at 37 °C until the turbidity of the suspension
was equal to that of 0.5 McFarland. The E. coli
suspension was diluted 10-fold with physiologic saline
solution (0.9 % NaCl) working in a class II biological
safety cabinet (Thermo Scientific MSC-Advantage,
Thermo Scientific, Waltham, MA). 100 pL inoculum
was pipetted on a Mueller-Hinton 2 agar plate
(bioMérieux Deutschland GmbH, Niirtingen, Ger-
many). The suspension was evenly spread over the
complete agar surface using a sterilized Drigalski
spatula. After incubation for 15 min at room temper-
ature, a drained sample was placed directly onto the
surface of a germ-containing agar plate. Additionally, a
positive control (amoxycillin/clavulanic acid) and a
negative control (paper disc) were considered (Antimi-
crobial Susceptibility Test Discs, Oxoid Deutschland
GmbH, Wesel, Germany). Then the agar plates were
placed in an incubator (Memmert, Schwabach, Ger-
many) for 24 h at 37 °C. After incubation, photographs
were taken and the diameter of the inhibition zone
surrounding the samples was measured.

Results and discussion

Formation of BNC-AgNP hybrids: Influence
of the AgNO;5 concentration

The BNC-AgNP hybrids were prepared by a stepwise
chemical modification (Fig. 1a, b, c). Figure 2 shows
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Fig. 2 FT-IR spectra of pure BNC (BNC) a before activation
and after b activation with CDI, and ¢ functionalization with
DAB

the FT-IR spectra before (BNC) and after different
stages of BNC treatment. The typical peaks for
untreated BNC can be found at 3,347, 3,240, 2,896,
1,428, 1,163, 1,109, 1,058, 1,034 cm™' (Fig. 2a)
(Klemm et al. 2001; Wiegand et al. 2006; Alila et al.
2009). The activation of BNC with CDI resulted in the
generation of imidazole ester derivatives (Fig. la)
(Alila et al. 2009; Ferraria et al. 2010; Boufi et al.
2011). The spectral signature of cellulose remained
unchanged. Besides, two additional peaks centered
around 1,760 cm ™' assigned to the C=0 stretching
mode of the imidazole ester, and around 1,650 cm ™"
assigned to C=C and C=N stretching modes of the
imidazole heterocycle were obtained (Fig. 2b). A
cross-linking of the cellulose chains induced by CDI
can be excluded due to the absence of a carbonate peak
centered around 1,430 cm™ L. Furthermore, the nitro-
gen content of the samples was investigated by
elemental analyses. It was found to exceed that one
of unmodified BNC (Table 1). During the second step
of modification, imidazole ester derivatives facilitate
the grafting of aliphatic amines through carbamate
linkages (Fig. 1b) (Alila et al. 2009). Thus, the
disappearance of these two bands was accompanied

by the appearance of 2 new peaks. They correspond to
NH asymmetric deformation (1,650 cm™') and C = O
stretching vibrations (1,730 cmfl) of the carbamate
(Fig. 2c). The appearance of both peaks as well as the
maintenance of an increased nitrogen content obtained
during elemental analyses compared to unmodified
BNC evidence the replacement of imidazole by a
diaminobutyl group (Table 1). The slight discrepancy
between the nitrogen content after first and second step
of modification can be probably explained by uncer-
tainties of measurement and the fact that different
samples has to be used for determination.

The nucleation of silver was induced by silver ions
that link to the diamines on the pretreated cellulose as
described by Ferraria et al. (2010) and Boufi et al.
(2011). These ions could be reduced to Ag® by DMSO
(Rodriguez-Gattorno et al. 2002). Consequently, the
growth of the AgNPs occurred selectively on the
modified BNC by chemical interactions (Fig. 1c). The
hybrids showed a slight gray color after this treatment.
Furthermore, SEM micrographs that were taken at a
higher magnification indicated the existence of nano-
particles on the top (ESM 4 c, e, g, and i) and bottom
surface (ESM 4 d, f, h, and j) of the BNC-AgNP
hybrids. However, SEM images that were taken at a
lower magnification show aggregates of submicron
dimensions and some larger aggregates on both
surfaces (Fig. 3). The results of the EDX analyses
manifested the presence of AgNPs with peaks located
at Ery =2.984 keV and E;pg; = 3.151 keV (see
Online Resource ESM 2) (Yang et al. 2012). In
addition, a rising content of AgNPs was indicated with
increased concentration of AgNO; (Fig. 3). The BNC-
AgNP hybrids which were produced using the lowest
concentration of AgNO; (Ag2.5) exhibited only a very
small surface area of about 0.7 % occupied by silver
particles (see Online Resource ESM 3, and Table 2).
With rising concentration of AgNO; a relatively
steady increase of the surface area occupied by AgNPs
could be determined (see Online Resource ESM 3, and
Table 2). A strikingly high amount of AgNPs was
noticeable on the bottom surface of Ag20 (Fig. 3j and

Table 1 Results of elemental
analyses of pure BNC and after

tre.atment with CDI and DAB BNC
(Fig. 1)

C (%) H (%) N (%)

43.47 + 0.07 6.32 + 0.05 0.10 £ 0.10
BNC — CDI 42.64 + 0.02 6.21 £+ 0.01 0.40 + 0.07
BNC — CDI —» DAB 42.83 4+ 0.07 6.32 + 0.07 0.29 + 0.07
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Online Resource ESM 3j) which was prepared at the
highest concentration of AgNO; (c = 2.0 x 1072
mol/l). Probably, the anisotropic structure of BNC
only affects the amount of AgNPs at higher concen-
trations of AgNO;. However, for all samples the
amount of AgNPs increased with an increasing
concentration of AgNO;. This effect can also be
explained by the growth of AgNPs that results in the
formation of particle agglomerates (Fig. 3 and Online
Resource ESM 3). Particle agglomerates were formed
by clustering of individual AgNPs. In consequence,
BNC-AgNP hybrids synthesized at low concentrations
of AgNO;3; (Ag2.5 and Ag5) exhibit fine and very
homogeneously distributed particle agglomerates
compared to hybrids prepared at higher concentrations
of AgNOj; (Fig. 3). In this context, T. Maneerung et al.
(2008) already observed that the molar ratio of the
reducing agent (in their study NaBH,) to AgNO;
influenced the particle size distribution. By decreasing
the ratio of the reducing agent to AgNOj5 an increase in
particles size distribution of AgNPs was found. This
implies for our work that the probability of agglom-
erate formation increases when the DMSO:AgNO;
molar ratio is decreased. An excess of silver ions in
solution led to a more pronounced aggregation (Agl0
and Ag20). Similar observations were also reported in
literature (Maneerung et al. 2008; Barud et al. 2011).
Freshly reduced AgNPs formed aggregates with silver
that already adsorbed on the cellulose fibers. The
aggregation process did not cease until all metal ions
in solutions were consumed, resulting in larger
particles on BNC at higher concentrations of AgNO;.
In contrast, a narrow size distribution was found when
the DMSO:AgNO; molar ratio was increased (Ag2.5
and Ag5). This is probably due to the amount of free
electrons generated from DMSO which was high
enough to prevent the aggregation of silver (Manee-
rung et al. 2008). The results of SEM investigations
support this theory (Online Resource ESM 3). In
summary, the size distribution of AgNPs can be easily
controlled by adjusting the molar ratio of DMSO to
AgNOj;. The hybrid Ag5 was prepared at a concen-
tration of AgNO; of ¢ = 5.0 x 107> mol/L, using the
same concentration as proposed by (Ferraria et al.
2010). However, the AgNPs form agglomerates at the
top (Online Resource ESM 3e) and the bottom surface
(Online Resource ESM 3f) up to approximately 1 pm
in size which differs from the observations made by
Ferraria et al. This mismatch might be caused by the

hydrogel character of BNC, supporting the growth of
AgNPs. The AgNPs cluster to larger agglomerates at
those points where the modification started. This
explanation is equally applicable to an increasing ratio
of reducing agent to AgNO;. The hydrogel character
of BNC further limits the accessibility of the hydroxyl
groups. Consequently, the different fibrous structures
of the top surface and the bottom surface do not affect
the silver content significantly. Another relevant
difference between both investigations is the circum-
stance that the first reaction steps were not carried out
under complete anhydrous conditions due to the high
water content of BNC (Klemm et al. 2005). In fact, the
AgNPs were selectively and directly generated on
never-dried BNC fibers due to grafted amino groups
acting as nucleating sites, without any growth of
AgNPs in the reaction solution. Beyond that, the BNC-
AgNP hybrids kept their grey color after a 5 times
repeated solvent exchange by deionized water. That
indicates firmly immobilized AgNPs on BNC as
described by Ferraria et al. (2010) for cellulose films.
In opposition to other methods applied to BNC, the
AgNPs are chemically linked to the BNC carrier. As
an example, Sureshkumar et al. (2010) reported that
AgNPs impregnated BNC hybrid that was prepared by
immersing modified BNC in AgNOj solution, showed
a decreased antimicrobial efficiency after 6 repeated
uses. The decrease was caused by the AgNPs leakage
during incubation in bacterial solution and restricted
its applicability. On the contrary, the application of the
proposed method allows the preparation of innovative
hybrids consisting of BNC and AgNPs that show
enhanced lifetimes.

Formation of BNC-AgNP hybrids: Influence
of the reaction time

In order to determine the influence of the reaction time
in the AgNOj; solution on the resulting surface area
covered by AgNPs, BNC was modified with a
concentration of AgNO; of ¢ = 5.0 x 107> mol/L
(Ag5) and different exposure times (1-3 h). A clear
correlation between the reaction time and the amount
of AgNPs on the top (Fig. 4a, ¢, and e; Online
Resource ESM 4a, ¢, and e) and bottom surface
(Fig. 4b, d, and f; Online Resource ESM 4b, d, and f)
of the hybrids was detected. Starting from the standard
reaction time (Ag5-1h), the amount of AgNPs
increased from about 3.5 % up to 20 % for the Ag5-
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bottom surface

Fig. 3 SEM micrographs of BNC-AgNP hybrids taken from the fop (a, ¢, e, g and i) and bottom surface (b, d, f, h and j)
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Table 2 Average surface ratio of silver on the top and bottom surface of BNC-AgNP hybrids

BNC Ag2.5 Ag5 Agl0 Ag20
Top surface (%) 0 0.7+03 324+14 5.6 0.5 70+24
Bottom surface (%) 0 06 +04 37+1.0 42+ 1.2 11.8 £ 2.3

top surface bottom surface

1h

Fig. 4 SEM micrographs of Ag5 hybrids prepared for different reaction times. The micrographs were taken from the fop (a, ¢ and
e) and bottom surface (b, d, and f)

@ Springer
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Table 3 Average surface ratio of silver on the top and bottom
surface of Ag5 hybrids prepared for different reaction times

1h 2h 3h

(Ag5-1 h) (Ag5-2 h) (Ag5-3 h)
Top surface (%) 32+ 14 11.8 £ 4.7 172 £ 4.0
Bottom 37+ 1.0 13.1 £ 4.1 20.6 + 3.6

surface (%)

3 h hybrid that was exposed to AgNO; for 3 h
(Table 3). The surface area covered by AgNPs on
the top and bottom surface was found to be compa-
rably high. In addition, a significant increase of the
size of agglomerates up to approximately 5 pm was
found with increasing exposure time in the AgNOj;
solution (Online Resource ESM 4). This effect led to
an increase of the AgNPs content. Only freely
accessible hydroxyl groups were modified in the
activation process. Thus, selective growth of AgNPs
could only take place on these sites. Over time, more
and more AgNPs grew together and formed clusters.
Finally large agglomerates were obtained.

Antimicrobial activity of BNC-AgNP hybrids

Colony forming units (CFU) obtained by the cultivation
of E. coli suspensions on agar plates were used to
evaluate the antimicrobial activity of the BNC-AgNP
hybrids. Hybrids prepared with a concentration of
AgNO; of c = 5.0 x 1073 mol/L (Ag5) were chosen
for this test, whereas pure BNC (BNC) served as a
reference. On the top (Fig. 5a) and on the bottom
surface (Fig. 5c) of BNC, the number of CFU amounts
to 22 and 24 at highest dilution, respectively. Thus,
approximately 7 x 10° CFU per mL were found on
unmodified BNC (Table 4). In contrast, not any colony
forming unit was present on the top (Fig. 5b) or on the

bottom surface (Fig. 5d) of Ag5 hybrids (0 CFU per
mL). The hybrids inactivated all bacteria that were able
to proliferate. Generally, a low antimicrobial activity is
defined to be less than a 1-log reduction, a moderate
activity is characterized by a 1-and 3-log reduction, and
a high antimicrobial activity is given at a 3-log
reduction and more (Gallant-Behm et al. 2005). Thus,
the 5-log reduction of bacteria found for the Ag5
hybrids confirmed a high antimicrobial activity of the
BNC-AgNP hybrids already accessible at low concen-
trations of AgNOs5. The antimicrobial activity of the top
and bottom surface of the Ag5 hybrids was found to be
roughly the same. This correlates with the comparable
amount and distribution of AgNPs on the top and
bottom surface of these samples. The results of the CFU
tests were confirmed by the BTG test. Figure 6 shows
that the number of living bacteria was significantly
reduced by the Ag5 hybrids (low luminescence)
compared to pure BNC (high luminescence). The
initial luminescence of 1.0 mL E. coli suspension
amounted to 75,000 counts. BNC showed approxi-
mately 110,000 counts on the top and about 90,000
counts on the bottom surface, respectively (Fig. 6 and
Table 4). As a result, it can be stated that the bacteria
multiplied on pure BNC. In contrast, the decrease of the
luminescence amounts to 1,300 counts on the top
surface and to 500 counts on the bottom surface of Ag5
hybrids. Thus, the bacterial population was reduced by
approximately 99 % compared to pure BNC. The
luminescence of top surfaces was significantly higher
than that one of bottom surfaces. However, it should be
noted that the examined surfaces of all tested samples
was facing upward. This could have led to an attenu-
ation of the luminescence signal due to a stronger
subsidence of bacteria on the bottom surface of the
BNC during luminescence measurement. Furthermore,
the distinction could be explained by the slightly lower

Fig. 5 CFU test of serial dilutions from E. coli suspensions after contact to a the fop surface of pure BNC (BNC), b the top surface of
Ag5 hybrids, ¢ the bottom surface of pure BNC (BNC), and d the bottom surface of Ag5 hybrids
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Table 4 Number of colonies on pure BNC (BNC) and on the hybrid Ag5 at highest dilution, corresponding CFU values as well as

their average luminescence during BTG test

Colonies

CFU (1/mL) Luminescence (counts)

Top surface BNC 24 + 1
Top surface AgS 0
Bottom surface BNC 22+ 4
Bottom surface Ag5 0

783,333 + 23,570 110,091 & 7,462
0 1,293 £+ 193
733,333 £+ 141,421 89,955 £ 10,078
0 515 +£ 107

125000 : - : : :

100000 - o

75000 -

50000 -

25000 -

luminescence [counts]

E. coli top surface  top surface bottom surface bottom surface
BNC Ags BNC Ags

Fig. 6 Average luminescence of the top and bottom surfaces of
pure BNC (BNC) and Ag5 hybrids. Values were derived from
BTG tests with a 1 mL E. coli suspension serving as a reference

AgNPs content on the top surfaces (3.2 %) of the Ag5
hybrids compared to the corresponding bottom surfaces
(3.7 %). The results of the BTG tests were consistent to
those of the CFU tests. However, the antimicrobial
activity measured by BTG tests was less pronounced
due to a residual background noise of the luminescence
signal (Zimmermann et al. 2011).

The results of agar diffusion tests are shown in
Fig. 7. Pure BNC (Fig. 7a, c), the BNC-AgNP hybrid
Ag5 (Fig. 7b, d), and the negative controls were

Fig. 7 Results obtained from agar diffusion tests of a the top
surface of pure BNC, b the top surface of Ag5 hybrids, ¢ the
bottom surface of pure BNC, and d the bottom surface of Ag5

characterized by the absence of an inhibition zone
after incubation for 24 h. The bacteria around the
hybrids were not affected. This result was independent
from the tested surface side. The positive controls
exposed inhibition zones with diameters of about
19-20 mm. Consequently, the AgNPs that are immo-
bilized on the hybrid surface operate as an antimicro-
bial agent only in direct contact with bacteria. Due to
the remaining risk of silver resistances induced by
released silver ions into the wound, this effect might
become an advantage against alternative silver con-
taining wound dressings.

However, the agar diffusion tests were not per-
formed in a moist milieu. A higher humidity may
accelerate the release of silver ions during the tests.
Furthermore, a prolonged incubation time or a higher
content of AgNPs (e.g., Agl0 and Ag20) could trigger
the release of silver ions. This aspect will be inves-
tigated in detail in further studies. The results of the
agar diffusion test also confirmed that no imidazole
residues are present in the final BNC-AgNP hybrids. It
is known that numerous imidazole derivatives show
active antimicrobial effects (Bhanat et al. 2011;
Chawla et al. 2012) that would have caused the
formation of an inhibition zone during agar diffusions
test.

hybrids; a—d top: (modified) BNC sample, bottom left negative
control (paper disc), and bottom right positive control (amox-
ycillin/clavulanic acid)
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Conclusion

We successfully demonstrated the preparation of
hybrids consisting of BNC and AgNPs by utilizing a
gentle synthesis route. The AgNPs grew selectively on
the activated BNC surface. They were firmly immo-
bilized on the cellulose fibers due to a chemical
linkage to the grafted amine groups of the pre-
modified BNC. Hence, the BNC-AgNP hybrids
achieved extended lifetimes by avoiding the release
of AgNPs. Furthermore, the amount of AgNPs on
BNC was easily tunable by varying the concentration
of AgNOj or the reaction time of BNC in the AgNO;
solution. The hybrids exhibit a strong antimicrobial
activity against E. coli even at low amounts of AgNPs.
Altogether, due to the combination of the unique
features of BNC for wound care and the antimicrobial
properties of AgNPs, the produced hybrids are of
potential interest for the application as antimicrobial
dressings in wound care.
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