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Abstract:

In this paper, we describe a novel method of silver nanowire (AgNW) synthesis. Silver
nanoparticles (AgNPs) were synthesized under ambient conditions by a chitosan/chitin-based
method. These crystalline AgNPs then served as seeds for the solid-state formation of AgNWs
within a drop-cast chitosan/chitin thin film. To the best of our knowledge, this is the first report
of AgNW growth on a bio-polymer thin film. Chemical analysis demonstrated that AgNPs and
AgNWs produced by this synthetic process have distinct interactions with polysaccharide
polymers, and unlike AgNWs produced by other methods, the AgNWs formed in the
chitin/chitosan matrix display an irregular twisted morphology. The flexible AgNW/chitosan
nanocomposite material is conductive, and we incorporate this new material into a peroxide
sensor to demonstrate of its potential applications in chemical sensing devices.
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1. Introduction

Metallic nanoparticles have enhanced and often unique catalytic [1], [2], [3] and physical
properties [4], [5]. Silver and other noble metal nanomaterials are of particular interest and
importance because of their unique electronic, optical, and biological activities [6], [7], [8], [9].
Silver nanomaterials are synthesized by various methods including photochemical approaches
that utilize the light-sensitive aspects of precursor materials, standard chemical approaches using
citrate or borate reducing agents, and “green’ approaches that use a biological material in at least
one step of the synthesis process [10], [11], [12]. Nanoparticle synthetic processes involve
several steps that include the reduction of a metal ion in solution into an insoluble precipitate; the
formation of a nucleation site either from individual precipitated nanoparticles or by the
aggregation of these particles; and the stabilization of the nascent particle, which is followed by
the nanoparticle growth [10], [11], [13], [14]. Control of each step enables the control over the
size, crystallinity, and morphology of the nanomaterial products from specific synthetic
reactions [9], [10], [11], [14], [15].
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Several green synthetic methods for generating silver nanoparticles (AgNPs) have also been
developed, which use biomolecules such as proteins and polysaccharides to stabilize and
promote nucleation [14], [16]. Environmentally friendly “green” methods of nanoparticle
synthesis often take advantage of biomimetic self-assembling systems or use catalytic elements
such as living cells or biopolymers [13], [17], [18]. A polysaccharide AgNP synthetic method
uses starch as the capping agent and monomeric B-d-glucose as the reducing agent in an aqueous
solution. Extracts of various plants and microorganisms have also been demonstrated to promote
the formation of AgNPs by the participation of protein/peptides in the reduction, nucleation, and
stabilization steps [13], [17]. Recently, a chitosan photochemical synthetic method has been
described that enables the formation of AgNPs of different morphologies and crystallinities in a
wavelength-dependent manner [10]. Synthetic processes that produce highly anisotropically
shaped particles are especially desirable in many applications because of the enhancement of
specific optical properties such as surface plasmon resonance [9], [12].

Silver nanowires (AgNWs) are synthesized primarily by polyol methods, which are energetically
and environmentally costly [13], [16], [19], [20]. Recently, there has been an increased interest
in the identification and fabrication of novel nanocomposite materials, which consist of metallic
or metal oxide nanoparticles and another nanoscale material [13], [21]. By combining the
properties of two nanomaterials, there is often a synergetic effect that extends, enhances, and/or
increases the properties of one or more of the constituents of the nanocomposite [22], [23], [24].
However, fabrication methods of such multicomponent nanomaterials often rely on a multistep
process, relying on post-fabrication mixing or the combination of individual nanoscale
components, which often results in a product that is not ideal in composition and/or non-
scalable [25], [26]. In this paper, we describe a novel, single-step process that promotes the self-
growth of AgNWs within thin films of the polysaccharide chitin/chitosan. To the best of our
knowledge, this is the first report on AgNW growth in solid state. The resulting material is a
flexible, conductive biopolymer nanocomposite that has potential in several applications
including chemical sensors. Here, we demonstrate the detection of hydrogen peroxide on
AgNW/chitosan films by non-enzymatic electrochemistry.

2. Results and discussion
2.1. AgNP synthesis in a chitosan solution

The polysaccharide chitosan is a polymer of § (1 — 4)-linked d-glucosamine subunits [27], [28],
[29] that has been demonstrated to synthesize AgNPs in aqueous solutions [10], [30]. To
synthesize our AgNPs, we produced 5-mM AgNOs in a 1% chitosan aqueous solution containing
1% acetic acid; this solution was sonicated for 4 h resulting in a characteristic color change from
clear to opaque solution with a purple/pink hue (Fig. 1A). The pH of the chitosan/AgNO3
solution was 5 during the AgNP synthesis reaction. The maintenance of pH at above 5 is crucial
for the synthesis of AgNPs; chitosan/AgNOs3 solutions with a pH of 3 or lower had no AgNP
formation (Fig. 2A, left); however, the increase in the pH of the chitosan/AgNOs3 solution to 9
resulted in the formation of a gel state of the chitosan mixture that had the characteristic purple
hue of AgNP formation (Fig. 2A, right). SEM analysis of these AgNPs showed the formation of
rod-shaped AgNPs instead of cuboidal AgNPs (Fig. 2B). We confirmed the presence of AgNPs



by UV—Vis spectrometry, in which a characteristic AgNP absorption peak appeared at 400—
550 nm (Fig. 1B) [13], [15].
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Fig. 1. (A) Vials containing chitin solution before (left) and after the addition of AgNOs (right),

note the change in the color of the solution from clear to opaque with a purple hue. (B) UV—

visible absorption spectra of AgNPs stabilized in chitosan. (C). FTIR spectra of AgNPs

stabilized in chitosan (orange) and pure chitosan (blue). (D) TEM micrographs of cuboidal

AgNPs produced by chitosan-based synthetic process.

By performing Fourier-transform infrared (FTIR) spectroscopy, we defined the specific
functional groups within the chitosan polymer that are engaged in the AgNP synthetic reaction.
Chitosan had FTIR absorption peaks at 3447 and 3294 cm™! due to the overlapping of hydroxyl
(O-H) and amine (N-H) stretching bands, 1657 and 1584 cm ™! due to amine (N-H) bending, and
1374 cm™! due to the C—H of the primary alcohol group in chitosan (Fig. 1C, blue line). In the
FTIR spectrum of chitosan solution containing AgNQO3, the absorption bands at 1657 and

1584 cm™! that represent chitosan —NH. groups disappeared and were replaced by a single peak
at 1600 cm ™!, which demonstrates the reaction of the Ag" ion with the amine group (-NH) during
and/or after the reduction to metallic silver (Fig. 1C, orange line); whether this represents a step
in the nucleation process and/or a component of the stabilization of the nascent AgNPs remains
unclear. However, we observed significant alteration in the shape and peak positions of -NH»
and —OH groups at 3447 cm™!, suggesting that there was an additional contribution of the amine
group in this process, possibly in the stabilization of the nanoparticles [31]. TEM micrographs
showed that the AgNPs produced by this method were cubical (Fig. 1D).
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Fig. 2. pH dependence on chitosan-driven AgNP synthesis. (A) Left, an AgNOs/chitosan
solution of pH 3.0, color of the solution remains the same as that of an aqueous chitosan
solution; right, an AgNOs/chitosan solution of pH 9.0, color of the solution is purple, which is
indicative of AgNP formation. Note the high viscosity of the solution as it remains clogged in the
tube. (B) SEM micrograph of AgNPs formed in an AgNOs/chitosan solution of pH 9.0, the
AgNPs are rod shaped and not cuboidal as those prepared at pH 5.

2.2. Chitosan thin film-supported AgNW synthesis

The chitosan/AgNP solution was drop cast onto a clean glass substrate, which upon drying
produced a 10- to 20-um purplish thin film, which contained cuboidal AgNPs (Fig. 3B and D,
Fig. S1). Chitosan thin films lacking AgNPs were clear and topologically smooth (Fig. 3A and
C). After several days of incubation at room temperature, the SEM analysis of the AgNP-
containing chitosan thin films demonstrated the presence of long, irregular AgNWs that erupted
from the surface of the chitosan thin film (Fig. 3E). AgNWs were only observed on
AgNP/chitosan thin films that had been starved of oxygen, either by smothering with a sputtered
or plasma vapor-deposited layer of gold or by incubating an AgNP/chitosan thin film in a
vacuum. Oxidation of the cuboidal AgNPs within the chitosan film by methanol washing [13],
[32] resulted in a complete lack of AgN'W formation further supporting this observation.
Oxidative etching suppresses further the shape transformation of AgNPs in the polyol synthesis
of AgNWs [33], and blocking oxidative etching is essential for the growth of AgNWs from
AgNPs [34]. In this paper we report that, even in the solid state, when a Ag/chitosan thin film
was subjected to oxygen starvation, the AgNPs on the film grew into AgNWs (Fig. 3). UV/vis
spectroscopy of the Ag/chitosan thin film confirmed the presence of AgNWs (Figure S2).
Analysis of SEM micrographs demonstrates that the AgNWs emerge from within the chitosan
thin film (Fig. 3F, arrow). Unlike the AgNWs produced by previously described methods, such
as PVP-mediated synthesis, that exhibit uniform 100-nm symmetric pentagonal rods [19], [20],
chitosan-grown AgNWs displayed an irregular twisted/wandering morphology (Fig. 3E and F).
This type of morphology is common for nanowires that form from self-growth and similar
bottom up mechanisms commonly seen in semiconductor NW growth using ultrahigh vacuum
and complex systems [35], [36]. The size of the chitosan nonlinear AgNWs had an average



length between 3 and 5 um and diameter in the range of 100—150 nm (Fig. S3). Most processes
that involve the formation of nanoparticle thin films or composite materials require two steps: the
synthesis of the particles followed by a compositing step [20], [23], [37], [38]. The production of
AgNW/chitosan nanocomposite material by this single pot, a self-seeding synthetic process, is
simple and much more cost-effective than previously described nanocomposite synthetic
methods.
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Fig. 3. Chitosan film with AgNPs and AgNWs. (A) 24-h Chitosan thin film without
silver nanomaterials. (B) 24-h Chitosan thin film with AgNPs, note the purple color, which is
indicative of silver nanomaterials. (C) A SEM micrograph of a 24-h chitosan thin film without
any silver nanomaterials, not the smooth and unstructured surface. (D) A SEM micrograph of a
24-h chitosan thin film with AgNPs, note the presence of cuboidal nanomaterials emanating from
the surface of the thin film matrix. (E) 96-h Chitosan thin film showing the presence of AgNWs
and AgNPs (AgNW, arrow). (F) Higher magnification image of an AgNW that grows from the
surface of the thin film (arrow), scale bar 200 nm.

Previous work has demonstrated that the polymer synthesis of crystalline AgNWs involves
preferential growth from one crystal face, typically the (111), of a twinned faced crystalline seed
particle [19], [20]. The XRD analysis of the AgNW/chitosan thin films showed that these
nanowires display the crystal signatures of previous AgNWs (Fig. 4) [39]. To demonstrate that



chitosan-synthesized AgNWs also have a high crystallinity, we performed an XRD analysis on
chitosan thin films that were produced with different concentrations of AgNO3 (Fig. 4). It can be
seen clearly from the XRD plot of the thin films formed from different concentrations of
chitosan/AgNOs3 that with the increase in AgNO3 concentration in the film, the growth
orientation of AgNPs/NWs moved from (200) plane to (111) plane (Fig. 4A). Along these lines,
the increase in concentration resulted in the generation of films that produced more AgNWs.
This suggests that the AgNWs produced in this study are predominately (111)-oriented crystals
similar to the AgN'Ws obtained by other synthetic processes [19], [20].

E
20
e oW W AGITI Ag E200) Ag film X5
15 = Ag film X4 Ag (38
= e Lo 4 Ag film X3 agizm
o
= 104
@
[=
&
E Ag film X2 AaEn
E_ Ag (Fa) Ag M)
W
= g Mo 00 Agfilm X1 g em
4 [220) Ag @11)
o4

20 30 40 50 60 70 B 90
2 Theta
Fig. 4. SEM and XRD images of solid-state AgNW growth with different ratios of chitosan and
AgNOs. (A-D) SEM images of chitosan—based, solid-state AgNW growth after 48 h.
(A) Chitosan/AgNOs ratio = 5:1, (B) chitosan/AgNO;j ratio = 5:2, (C) chitosan/AgNOs ratio 5:3,
(D) chitosan/AgNOs ratio 1:1; note that only this sample has significant generation of nanowires.
(E) An overlay of five XRD spectra collected from a single AgNP-impregnated chitosan sample
during AgNW growth: sample X1, ratio 5:1 chitosan/AgNOs; sample X2, ratio 5:2
chitosan/AgNOs3; sample X3, ratio 5:3 chitosan/AgNOs3; sample X4, ratio 5:4 chitosan/AgNO3;
and sample X 5, 1:1 chitosan/AgNOs ratio. Chitosan XRD 20 peaks are labeled with an *; the
(222) predominates only in the highest ratios of chitosan and AgNO3, which suggests that the
crystallinity of the AgNWs is produced by this process.

Unlike the established methods of AgN'W synthesis, which involve temperatures greater than
140 °C and organic solvents, chitosan thin film-mediated AgNW synthesis is performed at an
ambient temperature (25 °C) and in an aqueous solution [19], [20]. As the film ages, smaller
AgNPs within the film become less abundant because the AgNWs grow, which suggests that the
AgNWs grow by Ostwald ripening process. Chitosan is produced by the deacetylation of the
polysaccharide chitin, a major component of the cell wall of fungi and the cuticles of insects and
other arthropods [40], [41], [42]. Chitin is the acetylated form of chitosan and the predominant
structural component of the cuticles of arthropods and insects [41], [43]. Chitin is a stable
polysaccharide that has been used extensively in food, pharmaceutical, and biomedical
industries [44], and unlike chitosan, chitin is completely insoluble in aqueous solutions; chitin
enabled us to test whether a similar AgNP/AgNW synthesis reaction was possible in the solid
state. To determine whether chitin also facilitates the synthesis of AgNPs/AgNWs, we used



chitin scaffolds derived from the wings of the cicada Magicicada septendecim [41]. Purified
wing chitin scaffolds retain the general morphology of the wings from which they were derived,
although they lack all pigments (Fig. 5A).

Fig. 5. AgNW growth on a purified insect chitin substrate. (A) Two forewings from the periodic
cicada M. septendecim: the wing on the left is a wing before the removal of the protein/lipid
cuticular matrix; the wing on the right is the chitin exoskeleton of a wing that has been
processed, not the opaque, colorless appearance of the processed wing when compared to the
native wing. (B) A purified chitin wing scaffold upon which AgNWs grow, note the purple color
is indicative of silver nanomaterials. (C) A SEM image of AgNW growth from the chitin
network of a purified cicada wing. (D) EDS/SEM analysis of AgNWs grown on a chitin
network; inset, a SEM image of an AgNW; bottom, spectrograph of the emission peaks of
AgNWs showing the emission of silver-specific X-rays.

Incubation of a purified wing chitin scaffold in a solution of [0.01 M] AgNOs resulted in the
development of a purple hue to the clear/white scaffold, which is similar to the color changes
that we observed in chitosan/AgNO3 thin films (Fig. 5B). Similar to the thin film formed from
AgNPs/chitosan solution, AgNOs-treated wing surface possessed a large number of cuboidal
AgNWs after oxygen starvation (achieved by sealing with a sputtered layer of Au) and exhibited
AgNW formation (Fig. 5C). EDX/SEM analysis confirms that these wires, similar to those
produced in a chitosan thin film, are also composed of silver (Fig. 5D). The FTIR analysis of
chitin wing scaffold and a chitin wing scaffold with AgNPs/AgNWs demonstrated that the



interactions between silver and chitin are similar to the molecular-level interactions we observed
between silver and chitosan and involved the nitro group (Supplemental Fig. S4). A one-pot
synthesis of chitin/AgN'W nanocomposites provides a new direction for the development of new
chitin-based materials, especially for biomedical applications.
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Fig. 6. Demonstration of the electrocatalysis and conductivity of chitosan/AgNW thin films by
its application as a chemical sensor. (A) Chronoamperometry (CA) measurements at an applied
voltage of 0.8 V with addition of different concentrations of H>O,. (B) Calibration curve for the
CA measurements.

2.3. A chemical sensor application of AgNWs/chitosan thin films

Flexible thin films with a conductive nanomaterial, such as AgNWs, have applications in
electronics [45], [46], [47], [48] and as sensors [49], [50]. To determine whether the
chitosan/AgNW films are conductive, we used a hydrogen peroxide three-electrode testing
system with a gold electrode connected to an AgNW-chitosan thin film (diameter of 2 mm) as
the working electrode, a platinum wire as the counter electrode, Ag/AgCl as the reference
electrode, and 5 mM PBS (pH 7.0) as the electrolyte solution (an applied voltage of 0.8 V). As a
control, we used a thin-film working electrode made of chitosan only. In control experiments, we
observed a steady state after 60 s with no increase in current in the presence of H>O> (Fig. S5).



However, a devise composed of a chitosan/AgN'W working electrode was tested with an increase
in H>O; concentration from 0.53 to 11.66 mM, thus resulting in an increase in the current

(Fig. 6A). This demonstrates that the enhanced current is due to the electrocatalysis of AgNWs
to H>O», resulting in the reduction of H>O; into H>O. After averaging the current over 240 s for
individual concentrations of H>O» (Fig. 5B), we observed a linear relationship between the
current of the Ag-chitosan film electrode and H20: concentration from 0.53 to 11.66 mM

(R =0.9842) with a limit of detection of 94.3 uM estimated by a signal-to-noise ratio of 3
(3*standard error of 5 trials of blank sample/slope). This sensitive response is due to the high
conductivity and good electrocatalytic activity of AgNW-chitosan films, indicating their
potential application as H2O2 sensor and other sensors as well.

3. Conclusion

Chitosan and chitin are among the most common biopolymers on the planet and have many
current applications in the food and biomedical industries. While most of these applications take
advantage of the mechanical properties of chitosan and chitin, this work describes a new role of
these polysaccharide materials in the synthesis of metallic nanoparticles that enable the one-pot
synthesis of a flexible nanocomposite material. Chitosan and chitin facilitate a unique bottom-up
growth of AgNPs and AgNWs on chitosan/chitin polymer thin films. This solid-state synthesis of
silver nanomaterials is simple and environmentally friendly. The resulting AgNW chitin/chitosan
nanocomposites are flexible and conductive and have potential in many applications including a
broad variety of chemical detection systems.

4. Experimental
4.1. Chitosan and chitin sample preparation

Chitosan polymer (molecular weight: 150,000, 1.5% w/v), acetic acid, NaOH, and NaCl were
purchased from Sigma-Aldrich (USA) and used as received without further purification. The
Brood II Periodic cicada, M. septendecim, were collected locally in Greensboro, North Carolina;
wings from these cicada were dissected carefully from the thorax and washed three times in DI
water, and then, the protocol described in a previous work was followed [41]. After that, the
dissected wing samples, after extracting chitin, were further dehydrated in an ethanol series 20%,
50% 70% 84%, 90%, and 95% for 10—15 min and in 100% ethanol overnight; then, the solvent
was allowed to evaporate.

4.2. Synthesis of AgNPs/NWs in an aqueous chitosan solution

AgNO; (>99%) was purchased from Sigma Aldrich, and its solution of 1072 M was prepared.
Chitosan (0.5 g, dissolved in 10 mL of 1% v/v acetic acid solution) and 0.2 M NaCl in 5 mL
solution were added dropwise. Mixtures of chitosan and AgNOs; solution were prepared with a
ratio of 1:5 (by volume). The mixed sample solutions were ultrasonicated for 3—4 h to produce
monodispersed nanoparticles. Further, the samples were drop casted and dried in an oven for
about 10 min at 40 °C to form films and analyzed for various analytical characterizations.

4.3. Synthesis of AgNPs/NWs on chitin scaffold



The chitin scaffolds extracted from M. septendecim cicada wings were the source of chitin. A
1072-M AgNO3/0.2-M NaCl aqueous solution was added dropwise on to the chitin wing samples,
and the samples were ultrasonicated for 3—4 h to disperse AgNPs.

4.4. Characterization techniques

The optical absorptions of chitosan and mixtures of colloidal solution of AgNO3 (sample
solutions) were evaluated in 10-mm optical path length quartz cuvettes of the ultraviolet—visible
spectroscopy (UV—Vis spectroscopy, Varian Cary 60001), followed by Fourier transform infrared
spectroscopy (FTIR, Varian 670) measurements. To obtain the size of the synthesized AgNPs, a
transmission electron microscope (TEM, Carl Zeiss Libra 120 Plus) was used. To obtain the
results, a copper grid was plasma treated, and a drop of the sample solution was placed on the
copper grid and dried using a vacuum drier before scanning the sample under TEM. Morphology
including the shape and size of nanoparticles was viewed under a scanning electron microscope
(SEM). Sample preparation and imaging for morphology study: The samples were placed on
SEM sample pug. After drying, a 4-nm-thick gold layer was deposited on the samples using a
Leica EM ACE200 with a real-time thickness monitoring quartz crystal microbalance. The SEM
images were obtained using a Zeiss Auriga FIB/SEM. Scale bars were added using ImageJ
software, followed by energy-dispersive X-ray spectroscopy analysis (Hitachi S-4800-1 FESEM
w/Backscattered Detector & EDX) to verify the presence of AgNPs/AgNWs.
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Supplementary data related to this article can be found at
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