Macromolecular
Bioscience

.~ Macromolecular
» Journals

Full Paper

Functionalization of Nanofibrillated Cellulose
with Silver Nanoclusters: Fluorescence and
Antibacterial Activity

Isabel Diez, Paula Eronen, Monika ésterberg, Markus B. Linder, Olli Ikkala,
Robin H. A. Ras*

Native cellulose nanofibers are functionalized using luminescent metal nanoclusters to form a
novel type of functional nanocellulose/nanocluster composite. Previously, various types of
cellulose fibers have been functionalized with large, non-luminescent metal nanoparticles.
Here, mechanically strong native cellulose nanofibers, also called nanofibrillatedcellulose
(NFC), microfibrillatedcellulose (MFC) ornanocellulose, disintegrated from macroscopic cellu-
lose pulp fibers are used as support for small and fluorescent silver nanoclusters. The

functionalization occurs in a supramolecular manner,
mediated by poly(methacrylic acid) that protects
nanoclusters while it allows hydrogen bonding with
cellulose, leading to composites with fluorescence and

antibacterial activity.

Introduction

Cellulose! has attracted interest already long as a widely
abundant and sustainable raw material, but more recently
alsoasitisasource of native cellulose nanofibers, also called
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nanofibrillated cellulose (NFC) (for a comprehensive recent
review, see ref.[z]). Different types of native cellulose
nanofibers exist, having thicknesses in the nanometer
range and different lengths, but they all contain the
favorable cellulose I crystalline structure, which allows
attractive mechanical properties.*! For example, recently
it has been shown that cellulose nanocrystals from
tunicates have a very high modulus of ca. 150 GPa.[* Lower
values are reported for cellulose nanofibers.!”-# The feasible
mechanical properties are due to the parallel grossly
hydrogen-bonded polysaccharide chains within the native
crystalline assemblies. Importantly, the cellulose I crystal
structure does not form if dissolution steps are incorporated
in the processes. It requires specific processing to produce
nanofibers in which the native cellulose I crystalline form is
preserved. Long native cellulose nanofibers have been
disintegrated from the hierarchical structure of the
macroscopic wood fibers by several methods, such as
mechanical treatments, chemo-mechanical methods,
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)-mediated
oxidation and combination of mild enzymatic hydrolysis
combined with high-pressure homogenization, whereas
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short rod-like cellulose whiskers are obtained by acid
hydrolysis.[*>°71¢! Bacterial cellulose offers another route
to native cellulose nanofibers.*! The native cellulose
nanofibers have inspired to pursue towards various
functionalities. They allow, e.g., strong nanocomposites,
nanopaper, thin films by layer-by-layer assemblies, trans-
parent films, ductile aerogels, low gas-barrier properties
and wetting modifications.*”*?! On the other hand,
various types of nanoparticles have been assembled on
the surfaces of macroscopic and nanoscopic cellulose fibers
to allow functionalities, such as antibacterial or catalytic
activity and permanent colors.[*373¢]

In this work, we aim to explore possibilities to bind metal
objects even smaller than nanoparticles, i.e., nanoclusters
consisting of only a few atoms, on native cellulose
nanofibers. As a characteristic example, silver is an
interesting material. Silver nanoparticles show surface
plasmon resonancel®”! and in catalytic processes it is
desirable that the silver particles are small since the surface-
to-volume ratio becomes larger, resulting in an enhanced
reactivity.?®3 Also antibacterial properties are obtained
when binding silver nanoparticles to cellulose.*®! More
generally, now it is established that going down in size to
small silver nanoclusters (smaller than 2 nm), composed
only of very few atoms, unusual properties are obtained
when compared to bulk silver or even silver nanoparticles,
for example regarding fluorescence, see recent
reviews.[*#?! The bright fluorescence together with the
large Stokes shift, the subnanometre size and the low
toxicity are the reasons why silver nanoclusters have been
studied in regard to biolabelling.[***4 Fluorescent silver
nanoclusters (AgNC) in water solutions are very stable
when protected by poly(methacrylic acid) (PMAA)“**) and
they display additionally novel properties such as electro-
chemiluminescence.*®! The optical properties of AgNC are
strongly affected by the environment, pointing to the
extraordinary sensitivity of the nanoclusters towards the
environment.!*~*8l Whereas the antibacterial properties of
silver nanoparticles have been studied extensively,!*°=>%]
the behavior of fluorescent silver nanoclusters against
bacteria has not been described.

Here, we show a facile route to bind silver nanoclusters
on native cellulose nanofibers. Besides the characteristic
fluorescent properties, the NFC/AgNC composite exhibits a
pronounced antibacterial activity, probably due to thelarge
surface area to volume of NFC that favors considerable
adsorption of the tiny silver clusters.

Experimental Section

Birch hardwood cellulose disintegrated by mechanical shearing in
a high-pressure fluidizer (Microfluidics M-110Y, Microfluidics
Corp.Newton, MA) was used. The material passed through the
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fluidizer 16 times and had a concentration of 1.7 wt% for films used
for optical and antibacterial properties. For QCM-D films, cellulose
passed through the fluidizer 30 times and had a final concentration
of 1.64 wt%. Trimethylsilyl cellulose (TMSC) was synthesized from
cellulose powder from spruce (Fluka). Silver nitrate was purchased
from Riedel-de Haén (>99.8%), and poly(methacrylic acid) (PMAA,
M,, = 100000 g - mol*) and polyethyleneimine (PEI, M, = 50 000—
100000 g - mol %) from Polysciences. All chemicals were used as
received. Water was purified by a Milli-Q system (Millipore).

NEC films (for optical measurements and bacterial test) were
cast onto glass substrates and dried at about 40°C. Silver
nanoclusters solutions were synthesized from AgNOs; and PMAA
at molar ratios Ag/methacrylic acid (MAA) of 2, 4, 8 as described by
Diez et al.l*) Composites of NFC and fluorescent silver nanoclusters
were prepared by immersing free-standing NFC films into aqueous
silver nanocluster solutions under shaking in darkness. After
several hours, the films were thoroughly rinsed with water and
dried at ambient conditions.

Fluorescence spectra were obtained with a Varian Cary Eclipse
fluorescence spectrometer. Scan speed was 120 nm - min .

NEC films (for QCM-D) were prepared on silica-coated quartz
crystals (QSX303, O-Sense) by applying the method described
previously® except that PEI was used as the anchoring layer.
Langmuir-Schaefer cellulose films were prepared by deposition of
TMSC on polystyrene spin-coated gold crystals (QSX301, O-Sense)
using the horizontal dipping system (KSV Instruments LTD,
Helsinki, Finland.®®! 30 layer films were deposited and converted
to cellulose prior stabilization by desilylation in 10 wt% HCl-vapor
for 5 min. Both films were stabilized in MilliQ-water overnight, and
measurements were not started until stable baseline was acquired.
A solution of PMAA-protected silver nanoclusters (molar ratio
Ag:MAA 2:1) and a solution of PMAA (2.5 mg - mL ™) were pumped
through the chambers at constant flow rate of 0.1 mL-min * and
the temperature was kept constant at 24 °C.

The binding of AgNC to NFC was studied with an E4 quartz
crystal microbalance with dissipation (QCM-D), manufactured by
Q-Sense AB, Vistra Frolunda, Sweden. The instrument measures
the resonance frequency of oscillation of the quartz crystal with
fundamental frequency (5 MHz) and selected overtones (15, 25, 35,
45, 55 and 75 MHz). The adsorbed mass was estimated from the
frequency change usingthe Sauerbrey equation.># This equation is
strictly valid only for rigid layers and in addition also the bound
water is included in the apparent mass detected using QCM-D.
However, for comparison, the equation is very useful.

The dried NFC films prepared on QCM-D crystals were
characterized with atomic force microscopy (AFM) using a
Nanoscope Illa Multimode scanning probe microscope (Digital
Instruments, Santa Barbara, CA). Imaging was performed in room
temperature using tapping mode and standard silicon cantilevers
(NSC15/AIBS, MikroMasch, Tallinn, Estonia) with resonance
frequency around 325 kHz. After measuring, images were flattened
to correct for the nonlinearity of the scanner movement.

The effect of NFC/AgNC films on bacteria was tested by growing
Escherichia coli (XL-1 Blue) in LB-medium and plating on LB-agarose
Petri dishes.”™! A series of plates with ten-fold dilutions were
prepared (101,102,103 10 %, 10" >). Dried NFC/AgNC films were
placed on the agarose gel and incubated at 37 °C for 24 h. Images of
the plates were recorded and analyzed. For comparison, a pure NFC
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Figure 1. Photographs of an NFC film functionalized with fluor-
escent silver nanoclusters under (a) white light and (b) UV-light.

was also tested, after being immersed in pure water solution for
60h, similarly as the NFC/AgNC films, to ensure comparable rinse
of the bactericide contained in the nanocellulose solution.

Results and Discussion

The preparation of aqueous solutions of AgNC protected by
PMAA was reported elsewhere.[*®! Briefly, a solution of
silver saltis mixed with a solution of PMAA and the mixture
is subsequently irradiated with white light, until pink
fluorescent silver nanoclusters are formed. For the pre-
paration of NFC/AgNC composite, NFC films were casted
onto glass substrates and dried at about 40 °C. The free-
standing films were dipped into a fluorescent silver
nanocluster solution for several hours. After carefully
rinsing with water, we observed that the films had a
homogeneous pink colouration and were luminescent, as
shown in Figure 1, thus suggesting that the AgNC/PMAA
adducts were successfully connected to NFC.

Optical Properties

Optical characterization demonstrates that the emission
intensity and emission wavelength of the NFC/AgNC
composite are strongly affected by various synthetic
parameters. Here, we will discuss two factors, the first
one is the molar ratio Ag:MAA of the AgNC solution used to
dip the NFC films. As shown in Figure 2a, the emissive
properties of the composite are quite strong when the
films were immersed in AgNC solutions with molar ratios
Ag:MAA 4:1 and 8:1, but quite weak when immersed in
solutions with molar ratio 2:1. These data correspond well
with the intensity of the starting solutions, which increases
with the molar ratio Ag:MAA. The emission wavelength of
the solid composites is located at about 622 nm for all the
molar ratios, whereas for the AgNC solutions a red shift
with increasing Ag:MAA was reported.*® In both cases the
excitation wavelength is constant for all the molar ratios
described here, i.e., in solution the Stokes shift increases
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Figure 2. Excitation (recorded at the emission of 620nm) and
emission (recorded at the excitation of 530 nm) spectra of NFC
films functionalized with fluorescent silver nanoclusters.
(a) Films dipped for 24h in AgNC solutions with molar ratios
Ag:MAA 8:1, 4:1 and 2:1. (b) Films dipped in AgNC solutions with
molar ratio Ag:MAA 4:1 for 8, 24 and 60 h.

with concentration, whereas in films it remains constant
and smaller, which could be attributed to a smaller
interaction nanoclusters/medium in the solid matrix
compared to that in the liquid.

A second factor affecting the optical properties is the
dipping time. As shown in Figure 2b for films dipped in a
AgNC solution with molar ratio Ag:MAA 4:1 the emission
intensity of the films increases with the immersion time.

Mechanism of Composite Formation Between Native
Cellulose Nanofibers and Silver Nanoclusters

There are a few possible mechanisms for how AgNC are
bound to the cellulose surface. The binding of AgNC to NFC
could initially be explained in terms of silver affinity. AgNC
solutions were prepared using AgNOs as precursor and
PMAA as the initial scaffold. AgNC in solution cannot exist
as such; a protecting scaffold is required for their formation
and stabilization, preventing that fluorescent silver
nanoclusters aggregate to form larger nanoparticles.
Nevertheless, it has been demonstrated that fluorescent
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AgNCin solution can transfer from one scaffold to another.
Forexample, AgNC can migrate under the proper conditions
from poly(acrylic acid) to oligonucleotides®® or as described
in our previous publications from crowded PMAA chains
to empty chains®® or to oligopeptides,®”! keeping their
fluorescence. Additionally it is well known that silver is
strongly attracted by cellulose and this has been widely
used to synthesize large and plasmonic silver nanoparti-
cles.[5%°8760] I this regard, the formation of the composite
NFC/AgNC could hypothetically be due to a transfer of
AgNC from PMAA chains to cellulose nanofibers. However,
this hypothesis is unlikely because the transfer of AgNC
reported in literature is typically accompanied with a large
shift in the optical bands, whereas in the present case, the
shift observed in the emission peak of AgNC when mixed
with NFC dispersions is small (not shown). Since PMAA
contains —COOH groups and NFC contains —OH groups as
well as—COOH groups due to hemicelluloses, the possibility
of hydrogen bonding between PMAA and NFC has to be
considered. If the NFC film attracts PMAA chains, which are
atthe same time bound to AgNC, the resultant NFC film will
contain both PMAA and fluorescent AgNC. In order to
provide evidence for this mechanism of binding, QCM
measurements were carried out.

Figure 3a shows the evolution of the adsorbed mass
versus time for AgNC adsorption on an NFC film. The NFC
film was equilibrated in water overnight and at t =10 min
an aqueous solution containing AgNC (protected by PMAA)
was pumped into the chamber for about 20 min. After that,
the film was rinsed with pure water (t = 32 min). When the
AgNC protected by polymer are introduced into the
chamber, the film starts to adsorb the solutes quickly and
after few minutes the binding kinetics slow down
considerably. The strong mass increase is partly due to
the adsorption of AgNC as demonstrated before in Figure 1
and 2. Therole of PMAA in the adsorbed mass becomes clear
in a control experiment, where only a PMAA solution was
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Figure 3. (a) Plot of the adsorbed mass versus time measured
by QCM for adsorption of PMAA (black) and PMAA-protected
AgNC (molar ratio Ag:MAA 2:1) (grey) from solutions on an
ultrathin NFC film. Solutions were pumped in the chamber at
t=10min and rinsed at t=32min. (b) AFM image of the final
NFC/AgNC film.
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directed onto an NFC film (black curve). Also in this case the
QCM detected adsorption, which means that not only AgNC
adsorb onto the NFC film but also PMAA. The mass bound
to the NFC film is larger when AgNC are present in the
solution. A comparison of the mass adsorbed by an NFC
film at t=20min when using a solution of the pure
PMAA (224ng-cm?) and a solution of AgNC/PMAA
(550ng-cm™?) indicates that the stoichiometry of the
adsorbed fluorescent material does not correspond to the
stoichiometry of the AgNC solution. Since the NFC film
adsorbs 224ng-cm~? of pure PMAA, the adsorption of
AgNC would be expected to be 784ng-cm ™2, because the
AgNC solution was prepared with a mass ratio Ag:MAA
2.5:1 (molar ratio Ag:MAA 2:1). Instead, a lower value was
measured (550ng- cm™?). However, the adsorbed mass
values are only indicative since the QCM also detects bound
water and the amount of bound water in the NFC film may
change due to adsorption of AgNC and also the different
ionic strengths in PMAA and AgNC-containing solution
might affect the swollen state of the NFC film and
adsorption.l*?

This suggests that hydrogen bonding between PMAA
and NFC facilitates the functionalization of NFC with
fluorescent silver nanoclusters. Additional experiments
were performed with Langmuir-Schaefer cellulose model
films prepared from dissolved cellulose derivative,*>*ie,,
TMSC. It has the advantages of a smooth surface structure
together with well-defined chemistry. Similar results were
obtained, indicating that the hydrogen bonds might occur
preferentially with the —OH groups of cellulose instead of
the —COOH groups from hemicelluloses.

Dried NEC films were imaged using AFM before and after
adsorption of PMAA-protected fluorescent silver nanoclus-
ters and no significant differences could be noticed. In
Figure 3b the AFMimage of the composite NFC/AgNC film is
presented. The thin NFC fibers are still clearly observable
and no hints of PMAA coils or large aggregated silver
nanoparticles can be seen. The absence of large silver
particles, although cellulose could act as reducing agent, !
indicates that silver nanoclusters are well protected by the
PMAA.

Antibacterial Properties

The antibacterial behavior of the composites NFC/AgNC
were tested against E. coli bacteria by the halo method. The
composite films for antibacterial testing were prepared by
dipping NFC films into AgNC solutions with molar ratios
Ag:MAA 8:1, 4:1 and 2:1. For comparison, a pure NFC film
was also tested. The agar plates were smeared with E. coli
bacteria in dilutions from 107" to 10°. After allowing the
bacteria to grow for 24h at 37°C, photographs were
recorded. Figure 4 shows an example of the antibacterial
behavior of the composite NFC/AgNC prepared from molar
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Figure 4. Antibacterial properties of NFC films functionalized with
fluorescent silver nanoclusters. Escherichia coli bacteria concen-
tration 1074 Films dipped for 60 h in AgNC solutions with molar
ratios Ag:MAA 8:1 (left) and Ag:MAA 2:1 (right); unmodified NFC
film (center down).

ratios Ag:MAA 8:1 and 2:1, compared to the behavior of an
NFC film. After incubation, the NFC film shows no
antibacterial activity, the bacteria grow freely all around
the film. In contrast, around the NFC/AgNC films a large
halo free of bacteria can be observed. After incubation,
the initially pink NFC/AgNC films were partly metalized,
indicating further reduction and aggregation of silver.
Nevertheless, silver ions or nanoclusters were released from
the film into the gel preventing the growth of bacteriain a
large area around the films. The surface without bacterial
growth compared tothe surface of the NFC/AgNC film for all
the samples tested is collected in Table 1. The antibacterial
activity is comparable for all the Ag:MAA ratios tested, just
slightly larger for the ratio 4:1. The largest area in the agar
plate where bacterial growth was completely inhibited is
5.4 times larger than the area of the film causing the effect
(Ag:MAA 4:1 and solution of bacteria diluted to 10 ). In this
case the thickness of the inhibition halo was 5 mm whereas
the radius of the film was only 3.2 mm, which is a much
larger effect than reported in literature. For instance, for
silver impregnated in glass the values reported are halo
5 mm, film 12.5 mm,'? for silver impregnated in P,0s/SiO,
they are halo 4.5 mm, film 5.5 mm,®* for silver solution
they are halo 2.5mm, solution 4mm,®* and for AgBr/
poly[(4-vinylpyridine)-co-(4-vinyl-N-hexylpyridinium bro-
mide)]-coated paper they are halo 2 mm, film 5.5 mm.[*"!
However, we point out that the comparison of the halos
with literature values might not be taken entirely
quantitative since also other factors can affect dissolution
of silver ions, such as time, temperature and pH of the agar.
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Table 1. Ratio of the surface area without bacteria over the
surface area covered by NFC/AgNC film.

Ratio Bacteria Surface area
Ag:MAA? dilution®™ ratio
8:1 10°° 5.0
1074 49
1073 43
1072 3.5
1071 2.8
4:1 10°° 5.3
1074 5.4
103 49
1072 41
10t 2.7
2:1 10°° 3.9
1074 438
1073 4.4
1072 3.7
1071 2.8

Molar ratio of AgNC solution used to prepare the composites;
P)Serial dilution of bacteria.

The release of silver ions or AgNC from the NFC/AgNC
film to the gel to prevent bacterial growth takes place only
in the presence of water as revealed by the following
experiment. When a pink composite NFC/AgNC film is
immersed for several days in solvents such as ethanol,
methanol, tetrahydrofuran or chloroform, the film keeps
the pink color and the fluorescence. In contrast, when
immersed in water the film partly looses the pink color
while releasing pink AgNC to the solution. The released
AgNC in solution are very stable indicating that they are
still protected by PMAA, also released from the film.

Conclusion

Native cellulose nanofibers disintegrated from macroscopic
cellulose hardwood fibers were successfully functionalized
with fluorescent silver nanoclusters by simply dipping a
nanocellulose film into a solution of silver nanoclusters
protected by PMAA. The mechanism of binding of silver
nanoclusters to nanocellulose was discussed and PMAA,
carrying silver nanoclusters, was suggested to hydrogen
bond to nanocellulose or/and to the residual hemicellu-
loses, and thus act as mediator in the functionalization. This
leads to a novel type of supramolecular native cellulose
nanofiber/nanocluster adduct. The composite nanocellu-
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lose-nanosilver retains the appealing properties of both
components. The high surface area of the nanofibrils favors
a significant adsorption of silver nanoclusters that can be
released in aqueous medium. The released silver will
prevent bacterial growth in a surface area fivefold larger
than the area of the film. In conclusion, we have shown
that the metal nanocluster/nanocellulose composites are
feasible. We expect that such materials are useful in,
e.g., wound-healing pads and in more general for other
functionalities by selecting different metal nanoclusters.
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