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Silver nanoparticles (Ag NPs) were 5.17 ± 1.9 nm in diameter, and four <5% deacetylated chitins (A, B, C, and D) differing in
size of powder and surface structure properties were used in the study. Chitin/Ag NP composites were synthesized by mixing Ag
NP suspensions with each chitin powder at room temperature for 30min. The Ag NPs were homogenously dispersed and stably
adsorbed onto the chitins A and B powders. The resulting chitin/Ag NP composites were brown; darker composites were obtained
when larger amounts of Ag NPs were reacted with chitin. Approximately, 26 and 22 𝜇g of Ag NPs maximally adsorbed to 1mg
of chitins A and B, respectively, whereas only 2.5 and 1.5 𝜇g of Ag NPs maximally adsorbed to chitins C and D, respectively. As
the bactericidal and antifungal activities of the chitin/Ag NP composites increased with increasing amounts of Ag NPs adsorbed
to the chitin, the antimicrobial activity of chitins A and B/Ag NP composites was much higher than that of chitins C and D/Ag
NP composites. These results suggest that the particle size and surface structure of the chitin powder critically influence both the
adsorption and antimicrobial activity of Ag NPs.

1. Introduction

With the rise in microbial resistance to multiple antibiotics,
considerable research has been carried out to develop effec-
tive antimicrobial agents free of resistance. This has led to
resurgence in the use of silver- (Ag-) based antiseptics that
have broad-spectrum antimicrobial activity and a much
lower propensity to induce microbial resistance compared
with antibiotics [1]. In fact, it is well known that Ag ions and
Ag-based compounds are highly toxic to a broad range of
microorganisms [2].

The chemical properties of Ag nanoparticles (Ag NPs)
are significantly different from those of silver ingot or Ag
ion, and thus Ag NPs have been studied by many researchers
due to their wide variety of potential applications [3, 4]. The

special and unique properties of Ag NPs can be attributed to
their smaller size and the larger specific surface area relative
to bulk materials, and many preparation processes have
been proposed for controlling the physical and/or chemical
characteristics of Ag NPs [5–9].

Processes utilizing safe materials which do not require
complicated purification steps can be employed to prepare
AgNPs for biomedical and environmental applications. It was
reported that Ag NPs of less than 10 nm diameter can be pro-
duced through a process that employs d-glucose as the reduc-
ing agent and soluble starch as the stabilizing agent [10].
The size of Ag NPs can be controlled by modifying reaction
system parameters such as pH, temperature, and reactant
concentrations. The choice of stabilizing agent is an impor-
tant factor for controlling the size of Ag NPs because once



2 Journal of Nanomaterials

they are generated, Ag NPs tend to fuse together and form
aggregates that can grow to the size of microparticles [11].

The antimicrobial activity of zero-valent Ag is strictly
depending on the surface development of the solid phase.
When the solid phase is in a nanoparticle form, the antimi-
crobial activity of the resulting particles can be remarkably
enhanced; as such, the antimicrobial activity of the smaller
Ag NPs may be several orders of magnitude greater than that
of the corresponding bulk solid. Therefore, adsorption of Ag
NPs to the surface of various biomaterials could be a means
of fabricating novel antimicrobial materials [12, 13].

Size is one of the most fundamental parameters affecting
the optical [14], antimicrobial [15–17], and antiviral properties
of Ag NPs [18, 19]. Sondi et al. reported that the antimicrobial
activity of Ag NPs against Gram-negative bacteria such as
Escherichia coli is dependent on particle concentration and
thatAgNPs form “pits” in the bacterial cell wall, thus compro-
mising its structural integrity [15]. Ag NPs also exhibit potent
antifungal activity, probably through a similar mechanism
involving compromise of membrane integrity [20].

On the other hand, there are some concerns about the
biological and environmental risks associated with Ag NPs.
It was reported that Ag NPs might adversely affect some
aquatic organisms. For example, there are reports that Ag
NPs may be cytotoxic and genotoxic to fish [21] and that Ag
NPsmay inhibit photosynthesis in algae [22]. Other evidence
indicates that Ag NPs may also adversely affect mammals, as
a significant decline in mouse spermatogonial stem cells was
linked with exposure to Ag NPs [23]. Therefore, methods to
prevent the diffusion of Ag NPs into the environment and
inhibit their uptake by living organisms are needed before Ag
NP-containing antimicrobial materials can be used [21–23].

In a previous study, we developed a safe and easy process
for controlling the size distribution of Ag NPs [24]. The pro-
cess uses three materials: AgNO

3
-containing glass powder,

glucose, andwater. Synthesis of AgNPs using this process was
performed by autoclaving the particles in aqueous medium.
Particle size can be regulated by varying the glucose con-
centration; that is, 0.25, 1.0, and 4.0 wt% of glucose produce
small (3.48 ± 1.83 nm in diameter), medium (6.63 ± 1.78 nm
in diameter), and large (12.9 ± 2.5 nm in diameter) parti-
cles, respectively [24]. Furthermore, chitin powder with low
degrees of deacetylation (DDAc < 5%) and with an average
particle size of 250±70 𝜇mwas added as a stabilizer to the Ag
NP suspension to both remove the caramel generated during
autoclaving and prevent aggregation and precipitation of the
Ag NPs [25]. The much stronger bactericidal (against E. coli
strainDH5𝛼) and antifungal (againstAspergillus niger) activi-
ties of chitin/AgNP composites have been demonstrated [25].

Chitin/chitosan is the collective name for a family of
de-N-acetylated chitin with different degrees of deacetylation
(DDAc) [26]. In general, when the number of N-acetyl-
glucosamine units exceeds 50% (DDAc > 50%), the biopoly-
mer is termed chitosan, whereas the term “chitin” is used to
describe the polymer when the DDAc is less than 50%. In
this study, we observed that the antimicrobial activities and
adsorption properties of Ag NPs are correlated with chitin
particle size and surface structures of chitin powder.

2. Materials and Methods

2.1. Materials. Silver-containing glass powder (BSP21, Ag
content: 1 wt%; average grain size: 10 𝜇m)was purchased from
Kankyo Science (Kyoto, Japan). All chitins (A, B, C, and D)
used in this study were <5% DAc and were commercially
available. d-Glucose was purchased fromWako Pure Chem-
ical Industries, Ltd. (Osaka, Japan). All chemicals were used
as received.

2.2. Preparation of Ag NPs. A suspension of size-controlled
Ag NPs was prepared as previously described [24]. Briefly,
0.5 g ofAg-containing glass powderwas dispersed in 50mLof
an aqueous solution of 0.8 wt% glucose in a 100mL glass vial.
The mixture was autoclaved at 121∘C and 200 kPa for 20min
and then gradually cooled to room temperature, after which
it was centrifuged at 1,000 g for 10min. The resulting brown
supernatant containing the Ag NP suspension was stored in
the dark at 4∘C. The average diameter of Ag NPs prepared
with 0.8 wt% glucose was 5.17 ± 1.92 nm, and the suspension
contained about 60𝜇g/mLof Ag NPs.

2.3. Preparation of Chitin/Ag NP Composites. First, 20, 10, 5,
2.5, 1.25, or 0.6mg of chitin A (average particle size: 31 ±
11 𝜇m), chitin B (104 ± 42 𝜇m), chitin C (894 ± 121 𝜇m),
or chitin D (1,510 ± 460 𝜇m) (all chitins: >5% DDAc) was
added to 1mL of Ag NP suspension (about 60𝜇g/mL) and
mixed well (at pH 7.2) for 30min using a shaker (MildMixer
PR-36; TAITEC, Tokyo, Japan).The chitin/AgNP composites
were washed twice with distilled water by centrifugation.
The Ag NPs were homogenously dispersed and immobilized
on the chitin powder. The composites were brown; darker
composites were obtained when larger amounts of Ag NPs
were reacted with each chitin. In addition, chitins C and D
were suspended in 0.2M acetate and mixed on the shaker for
18 h. The resulting powders were washed twice with distilled
water by centrifugation and allowed to air dry. The air-dried
chitin C and D powders were ground thoroughly using a
mortar and pestle to make the particles smaller, and then the
ground chitin/AgNP composites were produced as described
above.

UV-vis spectra were obtained at room temperature using
a Jasco V-630 spectrophotometer (Jasco Corporation, Tokyo,
Japan). Scanning electron microscopy (SEM) specimens of
the chitins were coated with gold plasma to enhance conduc-
tivity using a plasmamulticoater PMC-5000 (Meiwafosis Co.,
Ltd., Tokyo, Japan). SEM was performed using a JSM-6340F
microscope (JEOL, Tokyo, Japan) operated at 5 kV.

Transmission electron microscopy (TEM) specimens
were prepared by casting a small drop of a suspension of
chitin/Ag NPs onto a carbon-coated copper grid; excess solu-
tion was then removed using filter paper, and the specimens
were dried at room temperature. TEM images were obtained
using a JEOL JEM-1010 microscope (Nihon Electronics Inc.,
Tokyo, Japan) operated at 80 kV.

2.4. Bactericidal Activity of Chitin/Ag NP Composites. A cul-
ture of E. coli strain DH5𝛼 (Takara Co., Kyoto, Japan) was
stored at −80∘C in Luria-Bertani (LB) broth containing 50%
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Figure 1: SEM micrographs of chitins A, B, C, and D.

sterile glycerol. Overnight cultures were prepared by growing
a single E. coli colony overnight at 37∘C in 5mL of LB
medium. On the next day, 200𝜇L of the overnight culture
was inoculated into 2mL of LB medium and incubated at
37∘C for 6 h or until the optical density at 600 nm (OD

600
)

reached 0.260. The E. coli culture was then diluted 4-fold
with LB broth, after which 50 𝜇L of the diluted suspension
was added to separate sterile 1.5-mL ClickFit polypropylene
microcentrifuge tubes (TreffLab AG, Degersheim, Switzer-
land) containing dried chitin/AgNP composites with 2, 1, 0.5,
or 0𝜇g of Ag NPs adsorbed to 10mg of each chitin type. The
samples were then incubated at 37∘C for 18 h, after which 1mL
of LBmediumwas added to each suspension andmixed well.
The suspensionswere allowed to stand for 3min to precipitate
the chitin/Ag NP composites. Viable cells were enumerated
by plating 50 𝜇L of 10-fold serial dilutions of the suspensions
onto LB agar (ForMedium Ltd., Hunstanton, UK) in a 90 ×
15mm Petri dish, followed by incubation at 37∘C for 24 h.

2.5. Antifungal Activity of the Ag NP/Chitin Composites.
Aspergillus niger NBRC105649 (Japan Collection of Microor-
ganisms; Wako, Saitama, Japan) was maintained in molten
potato dextrose agar (PDA) medium (Difco, Becton Dick-
inson & Co., Sparks, MD, USA). Aliquots (20 𝜇L) of a
suspension of A. niger spores (6.35 × 104 spores/mL) were
inoculated into each well of a 24-well plate (well diameter:

17mm; SumitomoBakelite Co., Ltd.,Tokyo, Japan) containing
1mL of PDA prepared with 60, 30, 15, or 7.5 𝜇g/mL of Ag NPs
adsorbed onto 5mg of each chitin.The plates were incubated
in the dark at 25∘C for 3 days, after which the A. niger spores
were recovered into 500 𝜇L of 0.3% sterile Tween 80 solution
using a platinum loop. After vortexing, the absorbance of
each spore suspension was measured at 550 nm using a Jasco
V-630 spectrophotometer [25].

3. Results and Discussion

3.1. Characterization of the Chitin/Ag NP Composites. In this
work, <5% DAc chitins A, B, C, ground C (G-C), D and
ground D (G-D) with various particle sizes and with various
surface structures were added to the Ag NP suspensions
to remove the caramel produced during autoclaving and to
prevent aggregation and precipitation of the Ag NPs. The
Ag NPs were adsorbed tightly to chitins A and B by just
mixing at pH 7.0 for 30min. The chitins A and B/Ag NP
composites were substantiallymore stable thanAgNPs alone.
Caramel was removed from the chitin/Ag NP composites by
washing them twice with distilled water. The caramel had
to be removed because of its inadequate growth effect of
microbial growth.

Typical SEM micrographs of chitins A, B, C, and D are
shown in Figure 1. Chitins A and B exhibited smaller powder
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Figure 2: TEMmicrographs of chitins A, B, C, G-C, D, and G-D/Ag NP composites (×250,000). A total of 1mg of each chitin were added to
a 10𝜇g/mL suspension of Ag NPs and mixed for 30min prior to analysis.

particle size and a nanoscale fiber-like surface structure,
whereas chitins C and D showed a larger powder particle size
and a flat/smooth film-like surface structure. ChitinsG-C and
G-D exhibited a smaller powder particle size and a nanoscale
fiber-like surface structure similar to that of chitins A and
B (data not shown). The powder sizes and shapes of the Ag
NPs adsorbed to all of the chitins examined were identical
to those of the original Ag NPs used for synthesizing the
composites (Figure 2).The average particle size of chitin G-C
and chitin G-D was 146 ± 62 and 181 ± 52 𝜇m, respectively

(Table 1), indicating that larger chitin powder particles with
a flat/smooth film-like surface structure can be changed into
smaller particles with a nanoscale fiber-like surface structure
by grinding.The color of the composites was brown; a darker
composite was obtainedwhen larger amounts of AgNPswere
adsorbed to the chitin.

As shown in Table 1, approximately 26, 22, 2.5, 20, 1.5 and
18 𝜇g of Ag NPs maximally adsorbed to 1mg of chitins A,
B, C, G-C, D, and G-D, respectively. Figures 3 and 4 show
UV-vis spectra of Ag NPs in suspension and spectra of the
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Figure 3: UV-vis spectra of original Ag NPs in suspension (original) and supernatants from the postreaction mixtures in which various
amounts of chitins A, B, C, and D reacted with Ag NPs. Excess Ag NPs in the supernatants of the postreaction mixtures decreased as the
amount of chitin added increased.

supernatants of the postreaction mixtures in which various
amounts of chitin reacted with the Ag NPs. The peak at
390.5 nm is representative of the spherical AgNPs used in this
work [12, 24]. There was a proportional relationship between
the absorbance at 390.5 nm and the concentration of Ag NPs
in the suspension [25]. The amount of Ag NPs remaining in
the supernatants of the postreaction mixtures decreased as
the concentration of chitin in the reaction mixture increased
(Figures 3 and 4). Thus, Ag NPs selectively reacted with
chitins G-C and G-D in addition to chitins A and B.

3.2. Antimicrobial Activity of the Chitin/Ag NP Composites.
The antimicrobial activity of Ag NPs has been demonstrated
in a number of studies [13–15, 18, 20]. Investigation of this
phenomenon has gained importance due to the rise in resis-
tance to antibiotics caused by their overuse. The bactericidal
activity of each chitin type alone and each chitin/Ag NP
compositewas evaluated againstE. coli.The individual chitins
alone exhibited only weak bactericidal activity. Composites
with various amounts of Ag NPs in 10mg/mL of chitins A,
B, G-C, or G-D showed strong, concentration-dependent
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Figure 4: UV-vis spectra of original Ag NPs in suspension (original) and supernatants from the postreaction mixtures in which various
amounts of chitins G-C, G-D, C, and D reacted with Ag NPs. Excess Ag NPs in the supernatants of the postreaction mixtures decreased as
the amount of chitin added increased.

bactericidal activity, whereas the chitins C and D/Ag NP
composites demonstrated only weak bactericidal activity
because of lower interactions between the chitin and Ag NPs
(Table 1 and Figure 5).

The antifungal activity of each chitin type alone and
each chitin/Ag NP composite was evaluated against A. niger.
Fungi were incubated in molten PDA containing the test

materials. Chitin alone (5mg/mL) exhibited weak antifungal
activity (Figure 6). When composites with various amounts
of Ag NPs in 5mg/mL of chitin were added to the fungal
cultures in PDA, composites containing chitins A, B, G-
C, and G-D showed strong, concentration-dependent anti-
fungal activity, with half-growth inhibition occurring at Ag
NP concentrations of 10, 12, 14, and 15𝜇g/mL, respectively
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Table 1: Evaluation of each chitin/Ag NP composites.

Maximal amount of Ag NPs (𝜇g)
absorbed in 1mg chitin (𝜇g/mg)

Half-bactericidal activity with
log10CFU/mL for Ag NPs (𝜇g) in

10mg chitin (𝜇g/10mL)

Half-antifungal activity for Ag NPs
(𝜇g) in 5mg chitin (𝜇g/5mL)

Chitin A 26 0.5 10
Chitin B 22 0.5 12
Chitin C 2.5 2.0 >60
Chitin G-C 20 0.5 14
Chitin D 1.5 >2.0 >60
Chitin G-D 18 0.5 15
Chitin A, powder size: average 31𝜇m, nanofiber-like structures.
Chitin B, powder size: average 104 𝜇m, nanofiber-like structures.
Chitin C, powder size: average 894𝜇m, smooth film-like structures.
Chitin G-C, powder size: average 146𝜇m, nanofiber-like structures.
Chitin D, powder size: average >1500𝜇m, smooth film-like structures.
Chitin G-D powder size: average 181 𝜇m, nanofiber-like structures.
Ag NPs: average diameter 5.17 ± 1.9 nm, G-: ground.
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Figure 6: Chitins A, B, C, G-C, D, and G-D/Ag NP composites
were evaluated for their antifungal activity against A. niger by
incubating fungal spores on PDA with composites consisting of
various amounts of Ag NPs in 5mg/mL suspensions of each chitin.
The composites exhibited a strong Ag NP concentration-dependent
antifungal activity. Data are the mean ± standard deviation; 𝑛 = 6.
Asterisks (∗) denote statistically significant differences (𝑃 < 0.01) as
determined using a two-sample t-test.

(Figure 6). Composites containing chitins C and D exhibited
only weak antifungal activity.These results demonstrated that
the antifungal activity of chitin/Ag NP composites increases
as the amount of Ag NPs adsorbed to the chitin particles
increases.The antimicrobial activity of AgNPs adsorbed onto
the smaller chitin powder particles with a nanoscale fiber-
like surface structure was enhanced for two main reasons:
(i) the available binding area for Ag NPs increases with
decreasing chitin powder particle size together with the

presence of the nanoscale fiber-like surface structure; (ii)
chitin/Ag NP composites with higher amounts of Ag NPs
are able to interact withmicroorganismsmore efficiently.The
sizes and morphologies of bound Ag NPs onto each chitin
were maintained for at least 3 months.

The mechanism of the bactericidal action of Ag ions is
closely related to their interaction with proteins, particularly
with thiol groups (sulfhydryl, -SH), which is believed to be
bridged by Ag ions, thus binding protein molecules together
and disrupting their function. Because many proteins func-
tion as enzymes, disruption of function leads to a breakdown
in cellular metabolism, followed by death [13, 14]. However,
the bactericidal and antifungal mechanisms of Ag NPs have
not been investigated extensively. It has been reported that
the activity of Ag NPs against gram-negative bacteria such
as E. coli is dependent on the Ag NP concentration and
involves the formation of “pits” in the bacterial cell wall [13].
The bactericidal activity of Ag NPs (against E. coli) is likely
due to direct binding of the microbial envelope glycoproteins
by the Ag NPs adsorbed to the nanoscale fiber-like surface
structures of the small chitin powder particles, facilitating
an interaction with the membrane that compromises its
integrity. The potent antifungal activity (against A. niger)
of the chitin/Ag NP composites is also probably related to
compromise of membrane integrity [20]. In large chitin/Ag
NP composites containing lower amounts of Ag NPs, spatial
restriction due to the larger size of the chitin powder particles
may prevent or weaken the interaction between microorgan-
isms and the Ag NPs. In contrast, composites prepared with
small chitin powder particles and with higher amounts of Ag
NPs appear to interact more efficiently with themicrobial cell
surface [25].

4. Conclusion

In this work, various chitins with small powder particle
sizes and nanoscale fiber-like surface structures were used to
stabilize Ag NPs in suspensions and remove the caramel gen-
erated during autoclaving, thus preventing aggregation and
precipitation of the Ag NPs.The Ag NPs were homogenously
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dispersed and stably adsorbed onto nanoscale fiber-like sur-
face of the smaller chitin powder particles. The bactericidal
and antifungal activities of the chitin/Ag NP composites we
examined increased as the amount of Ag NPs adsorbed to
the chitin particles increased. These results demonstrate the
potential applications of small chitin powders with nanoscale
fiber-like surface structures as a novel stabilizer and carrier
for Ag NPs. Furthermore, chitin/Ag NP composites could be
used directly as antimicrobial materials.
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