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We report a facile in situ synthesis of spherical copper nanoparticles (NPs) templated by a gelled cellulose IT
matrix under alkaline aqueous reaction conditions. In under 20 min, the hybrid material could be obtained in a
one-pot reaction. Field-emission scanning electron microscopy (FE-SEM) revealed that the polycrystalline NPs
of 200—500 nm were well distributed in the regenerated cellulose matrix. The average Cu crystallite size was of
the order of 20 nm, as estimated from both X-ray diffraction (XRD) and FE-SEM. XRD data also indicated that
the composite contained up to approximately 20% Cu,O. In suspensions containing the hybrid material, growth

of Escerichia coli and Staphylococcus aureus strains was inhibited by 80% and 95%, respectively, after 72 h.
The synthesis procedure offers a general approach to designing various low-cost hybrid materials of almost any
shape, and the concept could be extended to utilization areas such as catalysis, functional textiles, and food
packaging as well as to electronic applications.

1. Introduction

In situ synthesis of metal nanoparticles (NPs) in solid matrixes has
attracted considerable attention for its practical applications and
synthetic complications [1]. To be usable and manageable, metal NPs
often need to be incorporated in a solid matrix forming hybrid
material. Of several candidate matrix materials, cellulose is especially
promising as it provides good mechanical performance and chemical
resistivity in a wide range of solvents [ 1—8], while being an inexpensive
and “green” material. The functionality of the particles in such hybrid
material depends on the nanoparticle size, morphology, composition,
crystallinity [9], and dispersion in the matrix, all of which require
careful control of synthesis conditions [2].

Several methods have been proposed for preparing metal nano-
particle—cellulose hybrid materials with unique electronic, catalytic,
magnetic, optical, biomedical and antibacterial properties [1-8]. Most
such approaches involve the impregnation of solid cellulose materials
with metal ions followed by reduction into metal and/or metal-oxide
NPs by applying sodium borohydride [1-4] or hydrazine [4,5] has been
investigated. However, although these routes are successful, they have
drawbacks: for example, they can be time consuming due to multiple
synthesis steps and complex protocols or entail difficulties controlling
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the size and distribution of the NPs in the cellulose matrix. Simple
preparation methods resulting in well-defined hybrid materials are
certainly desirable.

In this study, we report on a rapid and scalable one-pot synthesis of
spherical copper nanoparticles (Cu NPs) of a narrow size distribution
templated by an in situ-regenerated cellulose network in a water-based
solvent system. The synthesized hybrid material inhibited the growth of
Escerichia coli (gram-negative) and Staphylococcus aureus (gram-
positive) strains by 80% and 95%, respectively, after 72 h. The work
presents a general low-cost approach to designing various cellulose—
nano copper hybrid materials of almost any shape, and the concept
could be extended to other utilization areas, such as catalysis, func-
tional textiles, and packaging, as well as to electronic applications.

2. Experimental
2.1. Materials

Nitrilotriacetic acid (NTA) and ethylenediaminetetraacetic acid
(EDTA) (purity 299%) were supplied by Sigma-Aldrich. CuSO,4-5H,0,

NaOH, urea, H,SO, (purity 98%), and formaldehyde (36 wt% solution)
were supplied by VWR International (Sweden) and were used without
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further purification. Cellulose dissolving pulp (viscosity 450 mL g™*)
was supplied by Domsjé Fabriker, Ornskoldsvik, Sweden. The cellulose
was dissolved directly in aqueous 7 wt% NaOH/12 wt% urea solution
precooled to —12 °C to prepare a transparent 0.5 wt% cellulose solution
[10]. Bacterial strains from Escerichia coli (gram negative) and
Staphylococcus aureus (gram positive) were obtained from ATCC
(LGC Standards GmbH, Germany).

2.2. Copper nanoparticle synthesis

First, 20 g of an aqueous NaOH/urea solution with a cellulose
concentration of 0.5 wt% was added to 50 mL of a 0.01 M copper
complex solution (CuSO,4-5H>0):EDTA:NTA under magnetic stirring at
ambient temperature. The highly alkaline mixed solution was stable
without any indications of copper ion precipitation or cellulose
coagulation. Thereafter, 12 mL of 1 M H,SO, solution was injected
into the mixed solution, lowering the pH to 13.3 and immediately
regenerating the cellulose in a highly swollen state. Next, 30 mL of
formaldehyde (CH-0) and sodium hydroxide were added to reduce the
chelated cupric ions in situ [11]. Continuous addition of NaOH in a
solid form (pellets, 0.21 mol) that gradually dissolved was found to be
the fastest and most successful protocol (under 20 min at ambient
temperature). The hybrid material was separated by simple vacuum
filtration, washed thoroughly with distilled water, and air dried at room
temperature before further characterization. The sequential protocol of
the proposed synthetic procedure is schematically depicted in Fig. 1.

3. Results and discussion

FE-SEM images and XRD pattern of the hybrid material are given
in Fig. 2. The images show the fairly uniform dispersion of Cu NPs in
the 200—-500 nm size range distributed throughout the cellulose matrix
(Fig. 2a). The XRD pattern in Fig. 2b has peaks corresponding closely
to the known diffraction lines of Cu, cellulose II [12], and Cu,O. The
diffraction pattern is clearly dominated by metallic copper, while
cuprous oxide is present as a minority phase. Based on the intensity
of the Bragg peaks, we estimate that the ratio between the amounts of
Cu and Cu,O exceeds 80:20. The clear presence of cellulose II indicates
that the cellulose has indeed been recrystallized in the process. Using
the Scherrer equation, the average crystallite size of copper was
estimated from the line broadening of diffraction peaks to be in the
15-30-nm range, assuming that the contributions of chemical disorder
and mechanical strain to the line broadening of peaks are negligible.
This crystallite size estimate is in agreement with the three-dimen-
sional crystallites (TDCs) of the polycrystalline spherical particles
observed in the FE-SEM images (see, e.g., insets of Fig. 2b).

The FE-SEM images in Fig. 2a show the morphological character-
istics of the hybrid material, where Cu NPs are well dispersed
throughout the cellulose matrix. Under the extremely alkaline condi-
tions of the synthesis, dissociation of the few carboxyl acid groups
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Fig. 1. Schematic of the facile preparation route for the in situ synthesis of Cu NPs in a
matrix of regenerated cellulose at ambient temperature.
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present in the cellulose polymer is obvious. More importantly, numer-
ous hydroxyl groups in the glucose units of cellulose are also
dissociated, especially at the C6 carbon [13]. The ionized hydroxyl
groups keep the regenerated cellulose in a highly swollen state, act as
effective nanoreactors, and provide improved conditions for the in situ
synthesis of the NPs. Under the extreme alkaline conditions, the
dissociated hydroxyl functions not only outcompete the complexing
agent and anchor the copper ions tightly onto the cellulose via
electrostatic and ion—dipole interactions/complexation, but also, after
reduction, stabilize the prepared Cu NPs via surface interactions [14].
Compared with a simple mixture of the composite components, this
process presents some advantages. As the host macromolecular chains
play a templating role in the synthesis, the distribution of Cu NPs
inside the cellulose matrix is improved and aggregate formation is
prevented. At the same time, the polymer chains play an important
role, leading to a narrow size distribution and well-defined shape of the
metal NPs [15].

The mechanism of the autocatalytic reduction of chelated copper
ions by CH,O under alkaline conditions is derived from the mixed-
potential theory applied in the interpretation of electroless copper
plating [11,16—18]. In general, the oxidative reaction of CH,O leads to
the chemical reduction of (chelated) copper ions to Cu and Cu,O under
the consumption of hydroxide [19]. Thin-film formation in electroless
deposition is characterized by three simultaneous crystal-building
processes: nucleation, growth into TDCs, followed by coalescence
[16,20]. Initially, nucleation proceeds from the copper single-crystal
substrate, and the average density of the TDCs increases with deposi-
tion time. Later, the average TDC density reaches a maximum and then
decreases with time. In the stage of decreasing TDC density, coales-
cence is the predominant crystal-building process. As can be seen from
the inset in Fig. 2b, showing the Cu NPs in high resolution, the
mechanism is probably applicable for the description of cellulose-
templated copper nanoparticle formation as well.

Antibacterial properties of the cellulose-templated Cu NP material
were tested with Escherichia coli (gram negative) and Staphylococcus
aureus (gram positive) bacterial strains [21]. As can be seen from
Fig. 3, the growth of both strains of bacteria was clearly inhibited in the
suspensions containing the hybrid material. After 72 h, the culture
density remained the same in E. coli (0.32 OD), but continued to
decline in S. aureus (0.08 OD). Controls remained roughly the same as
at 48 h, with a small increase in S. aureus (Fig. 3).

The diverse utilization of copper-based hybrid materials and
nanocomposites results in that copper ions and nanoparticles can be
released into the environment. Recently, a review collected the
nanoecotoxicity data on CuO NPs and Ag NPs for different organisms
and showed that median LC50 values of CuO NPs were 2—3 mg/L for
crustaceans and algae and 10-100 mg/L for fish and most of the
organisms studied [22]. Copper ions showed higher toxicity than CuO
NPs to all organisms (LC50: 0.024 mg/L for crustaceans and algae;
0.7-53 mg/L for the organisms studied). In comparison, Ag NPs and
Ag ions were more toxic median LC50 values for most organisms
studied was below 10 mg/L.

4. Conclusions

This communication presents a rapid and simple route for produ-
cing a novel and inexpensive hybrid material comprising well-dis-
persed spherical Cu NPs of a narrow size distribution anchored to
cellulose. The hybrid material displays obvious antibacterial properties
for both gram-negative and gram-positive bacteria. Our ongoing
research is examining this material in catalytic and electronic applica-
tions in which the advantages of combining cellulose with metal NPs
are of interest.
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Fig. 2. (a) FE-SEM images of synthesized hybrid material, Cu NPs in a regenerated cellulose network, at two magnifications (b) XRD pattern of hybrid material. The positions of the
expected Bragg peaks from copper (black lines), cellulose II (blue dotted lines), and cuprous oxide (red arrows) are marked and labeled with their respective Miller indices. The insets
show FE-SEM images of the sample, highlighting the polycrystalline nature of the NPs in the cellulose matrix. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 3. Effect of the Cu NPs—cellulose hybrid material on bacterial growth in suspensions
of Escherichia coli and Staphylococcus aureus. Cultures were inoculated at approxi-
mately 0.5 McFarland (OD 0.08-0.1). Absorbance at 600 nm was measured at the time
of inoculation and after 24, 48, and 72 h.
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