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Currently, nano/microparticles are widely used in various fields [1–3]. Silver particles are one of
the most vital materials among the various particles, due to their unique optical-physical-chemical
properties. The materials have been proposed for various fields, such as bio-sensor, diagnostics,
imaging, catalyst, solar cell, and antibacterial [4–14]. In particular, size-dependent unique plasmonic
properties make the particles superior in biomedical applications [15–20].

Due to this importance of silver materials, the first version of “silver nano/microparticles:
modification and applications” was successfully published last year with 10 outstanding papers [21–30].
This version 2.0 of the Special Issue also provides original contributions detailing the synthesis,
modification, and applications of silver materials. Eleven outstanding papers which describe examples
of the most recent advances in silver nano/microparticles are included.

The plasmonic properties of silver nanoparticles have been applied to the detection of harmful
substances based on surface-enhanced Raman scattering (SERS), due to its non-destructive, rapid,
molecular fingerprinting and ultrasensitive and photostable properties [31]. Because histamine
intoxication associated with seafood consumption can cause illnesses, Kim-Hung et al. reported facile
histamine detection by SERS using a plasmonic silver-gold nanostructure [32]. They successfully
detected histamine with SERS using the nanostructure (3.698 ppm LOD). Pham et al. reported
the sensitive and quantitative detection of pesticides based on SERS by using an internal standard
containing nanostructures [33]. For the study, 4-mercaptobenzoic acid labeled silver-gold nanoparticles
were used for a sensitive and quantitative thiram detection, and a range of 240 to 2400 ppb with a
detection limit of 72 ppb of thiram was detected.

Silver nanoparticles have great potential as an antibacterial agent. Nakamura et al. reviewed the
synthesis and application of silver nanoparticles for the prevention of infection [34]. In particular, they
focused on environment friendly synthesis and the suppression of infections in healthcare workers.
Nakamura et al. reported that ultraviolet irradiation enhances the microbicidal activity of silver
nanoparticles via hydroxyl radicals [35]. They showed that UV irradiation to silver nanoparticles
is effective for enhancing their microbicidal activity, due to the antimicrobial activity of reactive
hydroxyl radicals which were generated from silver nanoparticles by UV irradiation. The UV
irradiation-mediated enhanced production of reactive hydroxyl radicals is generated rapidly from
silver nanoparticles. Silver nanowires, which exhibit excellent conductive properties, have been
intensively studied for thermal and electronic applications. Mori et al. evaluated the antibacterial
and cytotoxicity properties of silver nanowires and their composites with carbon nanotubes for
biomedical applications [36]. Li et al. reported a simple, sustainable, and environmentally friendly
method for the in situ fabrication of silver nanoparticles in mesoporous TiO2 films decorated on
bamboo via self-sacrificing reduction to synthesize nanocomposites with an efficient antifungal
activity [37]. The composite films-endowed bamboo exhibited an excellent antifungal activity to T.
viride and P. citrinum. Because of the high biocompatibility, low cost, and ease of manufacture of the
poly(methylmethacrylate) (PMMA) resin, it is widely used in medical and dental fields. Matteis et al.
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reported that silver nanoparticles added a poly(methyl methacrylate) dental matrix for topographic
and antimycotic studies [38].

Since silver nanoparticles are attractive alternatives to plasmonic gold nanoparticles, the controlled
synthesis of metal nanoparticles with a defined morphology can be important for such fields as
biochemistry, catalysis, biosensors, and microelectronics. Cyclophanes, which have a variety of
cyclophane 3D structures and unique redox abilities, can create metal nanoparticles. Padnya et al.
summarized the recent advances in the synthesis and stabilization of Ag (0) nanoparticles based on
self-assembly of associates with Ag (I) ions with the participation of cyclophanes [39].

Biological molecules have potential for the synthesis of metallic nanoparticles as green and
economic methods. Tanaka et al. reported the green synthesis of silver nanoparticles by using
peptides [40]. They used array-based screening to identify a list of mineralization peptides with various
physicochemical properties. They evaluated the silver nanoparticle mineralization activity of the top
200 gold nanoparticle-binding peptides, and the highest silver nanoparticles synthesis activity was
shown in the presence of EE and EXE peptides (E: glutamic acid, and X: any amino acid).

Silver islands films (SIF) can play an important role among plasmonically active platforms.
Szalkowski et al. reported silver islands substrates which prepared on demand based on the
laser-induced photochemical reduction of silver compounds on a glass substrate [41]. The prepared
SIF showed a strong plasmonic activity.

Hybrid systems of photosynthetic pigment–protein complexes with plasmonically active metallic
nanostructures can be a useful design for future biomimetic solar cells. Kowalska et al. reviewed SIF
for enhancing light harvesting in natural photosynthetic proteins [42]. They presented the results of a
variety of photosynthetic complexes upon coupling with SIF structures.
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Abstract: Histamine intoxication associated with seafood consumption represents a global health problem.
The consumption of high concentrations of histamine can cause illnesses ranging from light symptoms,
such as a prickling sensation, to death. In this study, gold–silver alloy-embedded silica (SiO2@Au@Ag)
nanoparticles were created to detect histamine using surface-enhanced Raman scattering (SERS).
The optimal histamine SERS signal was measured following incubation with 125 μg/mL of SiO2@Au@Ag
for 2 h, with a material-to-histamine solution volume ratio of 1:5 and a phosphate-buffered saline-Tween
20 (PBS-T) solvent at pH 7. The SERS intensity of the histamine increased proportionally with the increase
in histamine concentration in the range 0.1–0.8 mM, with a limit of detection of 3.698 ppm. Our findings
demonstrate the applicability of SERS using nanomaterials for histamine detection. In addition, this study
demonstrates that nanoalloys could have a broad application in the future.

Keywords: histamine; fish; gold-silver alloy-embedded silica nanoparticles; surface-enhanced Raman
scattering (SERS); reliable and sensitive detection

1. Introduction

Histamine is a common biological substance involved in immune responses, physiological function,
and neurotransmission. The consumption of high concentrations of histamine can cause illness ranging
from light symptoms, such as a prickling or burning sensation, to serious symptoms, such as erythema,
vomiting, diarrhea, headache, angioedema, and urticaria, and even shock or death. Nearly all cases of
histamine poisoning are associated with the consumption of fish containing high levels of histidine, which is
easily transformed to histamine by decarboxylation if the fish is not correctly stored. Once histamine
is produced, it is not easy to completely remove it by heat treatment or freezing. In addition, histamine has
no color or odor, which hinders the identification of histamine contamination without noticeable
changes in the appearance or smell of the fish [1–5]. According to the European Union (EU) and
the U.S. Food and Drug Administration (FDA) standards, the concentration of histamine in fish for
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consumption must be <100 and 50 ppm, respectively. Therefore, reliable, rapid detection of histamine
in fish is essential for food safety and public health, as well as for the global fish industry. Generally,
histamine detection is performed using methods such as high-performance liquid chromatography (HPLC),
capillary electrophoresis (CE), enzyme linked immunosorbent assay (ELISA), fluorescence quantification,
and ion exchange chromatography [6–11]. Although these methods are very sensitive, they do have
some disadvantages; they use hazardous chemicals and require lengthy pretreatment or specific enzymes,
which are expensive and strictly produced. In addition, some protocols indirectly detect histamine via
histamine derivatives, which can lead to incorrect results [3,6,7].

Surface-enhanced Raman scattering (SERS) is a spectroscopic technique discovered in the 1970s.
SERS is an ideal analysis technique, as it can detect single molecules, as well enhance the chemical molecule
signal by up to 1016-fold. Compared with other analysis methods, SERS requires simple sample preparation
and can use a wide range of excitation frequencies, which enables less energetic excitation, resulting in
reduced photodamage. Metal colloids, typically silver or gold colloids in suspension or aggregation, have
been broadly used for SERS measurements owing to their strong SERS signal and low toxicity [12–14].
The useful application of SERS has motivated researchers to develop more reliable SERS techniques.
Among those techniques under development, nanoalloy materials have been successfully produced.
The abundant variety of metallic alloy compositions, structures, and properties, which can consist of
bimetallic nanoclusters (Cu-Ag, Cu-Au, Ag-Au, Ni-Pt, and Fe-Ni) or trimetallic nanoclusters (Cu-Au-Pt,
Pd-Ag-Fe, Au-Pt-Ag, and Pd-Au-Pt), has created better stability and synergism that has enabled their
widespread application in electronics, engineering, and catalysis [15–19].

Currently, SERS is being increasingly applied in the field of food safety for the detection of
harmful substances. Several studies have used silver or gold colloids to detect histamine by SERS [1–5].
Compared with other standard methods, such as HPLC, these SERS methods have the advantages
of sensitivity, reliability, and easy fabrication; however, precise control of the size and amount of the
aggregated particle clusters is difficult because of the heterogeneous formation of the metal particles.
The use of a template, such as silica particles or polymer beads, to accumulate silver or gold nanoparticles
(NPs) has been widely established in order to control particle size [20–28]. Recently, our group produced an
Au-Ag alloy on silica nanoparticles as a highly sensitive and reliable SERS probe that can detect molecular
targets at very low concentrations [29–42]. Based on these studies, we investigated histamine detection
using an Au-Ag alloy on silica particles as a material for SERS.

2. Results and Discussion

2.1. Characterization of the SiO2@Au@Ag NPs

The SiO2@Au@Ag NP material was prepared based on studies conducted by the Pham group revealing
that SiO2@Au@Ag NPs exhibit a high Raman enhancement effect [39,43,44]. Silica NPs were produced
using the Stöber method. Subsequently, the surfaces of the silica NPs were covered with Au NPs on which
an Ag shell was created.

Figure 1 shows transmission electron microscopy (TEM) images of the nanomaterials. The average
diameter of the SiO2 NPs was 160 nm (1a). SiO2 NPs covered by Au NPs (2–3 nm) are shown in Figure 1b.
The surface of the SiO2@Au NPs was thoroughly coated with an Ag shell (1c), with clear nanogaps between
the Ag NPs, which will provide the best Raman signal [39]. As shown in Figure 1d, while the SiO2

suspension did not exhibit UV–Vis absorbance in the 300–1000 nm range, the SiO2@Au NP colloid showed
a peak at approximately 520 nm. Once the Ag NPs were embedded onto SiO2@Au, the absorbance of the
SiO2@Au@Ag suspension showed a wide band from 320 to nearly 800 nm.

6



Int. J. Mol. Sci. 2020, 21, 4048

Figure 1. Images of the nanoparticles and UV–Vis absorbance of the nanoparticles. (a) Transmission
electron microscopy (TEM) image of silica (SiO2) NPs; (b) TEM image of SiO2@Au NPs; (c) TEM image of
SiO2@Au@Ag NPs; (d) UV–Vis absorbance of NPs. Red: 1000 μg/mL SiO2 NPs; blue: 250 μg/mL SiO2@Au
NPs; black: 20 μg/mL SiO2@Au@Ag NPs.

2.2. Optimization of Histamine Detection

As the SERS signal is affected by many factors, we sought to determine the effect of target
volume, incubation time, solvent pH, and material concentration on SERS signal. The SERS spectra of
histamine-modified SiO2@Au@Ag were observed at 850, 1001, 1200, 1258, 1263, 1318, 1353, 1449, 1536,
1603, and 1641 cm−1 (Figure S1 and Table S1, Supplementary Materials). The bands at 1641, 1603, 1536,
1353, and 850 cm−1 were assigned to ring stretching; the bands at 1258 and 1001 cm−1 were assigned
to ring bending; the band at 1449 cm−1 was assigned to the bending of the CH2 side chain; the band at
1318 cm−1 was assigned to CH2 wagging; and the bands at 1200 and 1263 cm−1 were assigned to ring
breathing [45–50]. For simple evaluation, we considered an intensity of wavelength number of 1603 cm−1,
which might be due to ring stretching [45–50], as the highest histamine Raman shift peak.

2.2.1. Effect of Target Volume on Histamine Detection

As the SERS signal is affected by the amount of target molecule on the surface of the material,
we carried out an experiment in which we incubated 20 μg of SiO2@Au@Ag NPs (100 μL) with different
volumes of 1 mM histamine (100, 500 μL, and 1000 μL); the mean ratio between the volume of the material
and histamine was 1:1, 1:5, and 1:10, respectively. As shown in Figure 2, the SERS signal increased
with increasing volume, as the amount of histamine absorbed onto the surface of the material increased.
Therefore, the SERS signal at a 1:5 and 1:10 ratio was clearer than that at a 1:1 ratio. The 1:5 ratio was
chosen for subsequent experiments.
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Figure 2. Effect of target volume on histamine detection. (a) Raman signal of histamine incubated with
SiO2@Au@Ag nanoparticles (NPs) at three volume ratios (1:1, 1:5, and 1:10) after 2 h. (b) The Raman
intensity of histamine incubated with SiO2@Au@Ag NPs at various volume ratios after 2 h (at 1603 cm−1).

2.2.2. Effect of Incubation Time on Histamine Detection

The incubation step allows the target molecule to adsorb onto the surface of the material. To determine
the effect of histamine incubation time, histamine was incubated with 20 μg of material for 0, 0.5, 1, 2, 4, 6,
and 8 h. As shown in Figure 3, the intensity of the SERS signal increased up to 1 h of incubation. After 1 h,
the SERS signal of the histamine gradually increased with further incubation. The signals at wave number
1603 cm−1 are clear enough irrespective of experimental incubation time; thus, 2 h of incubation was
chosen for subsequent experiments as the intensity at 2 h represents approximately the average of the
intensity obtained after incubation for the other time periods.

Figure 3. Effect of incubation time on histamine detection. (a) Raman signal of histamine incubated with
SiO2@Au@Ag nanoparticles (NPs) after 0.5, 1, 2, 4, 6, and 8 h. (b) Raman intensity of histamine incubated
with SiO2@Au@Ag NPs after 0.5, 1, 2, 4, 6, and 8 h (at 1603 cm−1).

2.2.3. Effect of Solvent pH on Histamine Detection

To determine the effect of pH on the SERS signal of the histamine, phosphate-buffered saline-Tween 20
(PBS-T) solvents with various pH values (3, 5, 7, and 9) were created by adjusting the pH with hydrochloric
acid (HCl) and sodium hydroxide (NaOH). As shown in Figure 4, the SERS signal of the histamine was
strong and clear at all four pH values. However, based on this result, the binding between the histamine
and the Ag shell appears to be better in an alkaline environment. Thus, pH 7 was chosen for subsequent
experiments as it is near the physiological pH.
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Figure 4. Effect of solvent pH on histamine detection. (a) Raman signal of histamine incubated with
SiO2@Au@Ag nanoparticles (NPs) after 2 h in solvents (phosphate-buffered saline-Tween 20 (PBS-T)) with
different pH values (3, 5, 7, and 9). (b) The Raman intensity of histamine in solvents (PBS-T) with different
pH values (3, 5, 7, and 9) (at 1603 cm−1).

2.2.4. Effect of the Material Concentration on the SERS Signal of Histamine

To determine the effect of the material concentration on the SERS signal of histamine, we incubated the
same amount of histamine with different concentrations of material (1, 0.5, 0.25, 0.125, and 0.0625 mg/mL)
and measured the Raman signal. As shown in Figure 5, the strongest SERS signal was detected when
0.125 mg/mL material was incubated with histamine, while weaker SERS signals were detected at both
higher and lower concentrations. These results indicate that the dispersion density of histamine on the
surface of the material significantly affected the SERS signal. Although the high and low concentrations
of the material did not generate a sufficiently robust SERS signal, any of the concentrations can be used,
as the intensities at 1603 cm−1 were strong and could be clearly observed.

Figure 5. Effect of material concentration on histamine detection. (a) The Raman signal of the same
concentration of histamine incubated with 1, 0.5, 0.25, 0.125, and 0.0625 mg/mL of SiO2@Au@Ag
nanoparticles (NPs). (b) The Raman intensity of histamine for different concentrations of SiO2@Au@Ag
NPs (at 1603 cm−1).

9



Int. J. Mol. Sci. 2020, 21, 4048

2.3. The Limit of Detection (LOD) of Histamine

To determine the LOD of histamine, we measured the SERS signal at various concentrations of
histamine (0.1–0.8 mM) with 20 μg of material (Figure 6a). The intensity at 1603 cm−1 increased
proportionally with increasing histamine concentration (Figure 6b). The linear calibration formula was
determined as y = 37.79951x + 2.89144, R2 = 0.99081 (x = histamine concentration, y = SERS intensity at
1603 cm−1). The LOD of histamine was 0.033 mM (3.698 ppm) with a signal-to-noise ratio (S/N) = 3, which is
considerably lower than the standards described by the FDA (50 ppm) or EU (100 ppm). The LOD of the
present method (3.698 ppm) was also comparable to that of existing histamine detection methods such as
ELISA (1–17 ppm) [6,8,11], HPLC (0.1–25 ppm) [7,8,10,51], and SERS (5–15 ppm) [2,4,5]. Although the
LOD of the present method was not lower than the lowest ELISA and HPLC LODs, it remains useful, as
its LOD is lower than the highest LOD values of the other methods. Furthermore, SERS-based methods,
including the present method, are suitable for biological applications owing to several advantages, such as
low cost, high efficacy, fewer harmful chemicals, non-destructive features, and simple sample preparation.
The present method also showed a lower LOD than previous SERS-based histamine detection methods
(3.986 vs. 5–15 ppm), owing to the use of Au-Ag alloy NPs instead of Au or Ag NPs. Thus, these results
indicate the possible application of this method for histamine detection in fish samples. Additionally,
these results also demonstrate a novel SERS-based method using gold-silver alloy-embedded silica NPs
for molecular determination.

 
Figure 6. Determining the limit of detection (LOD) of histamine. (a) The Raman signal of histamine
at different concentrations (0, 0.1, 0.2, 0.4, 0.6, and 0.8 mM). (b) The standard linear plot of histamine
concentration vs. SERS intensity at 1603 cm−1.

3. Materials and Methods

3.1. Chemicals and Materials

All reagents were used as received from the suppliers without further purification.
Tetraethylorthosilicate (TEOS), 3-aminopropyltriethoxysilane (APTS), polyvinylpyrrolidone (PVP) (Mw
40,000), silver nitrate (AgNO3), L-ascorbic acid, Tween 20, tetrakis(hydroxymethyl)phosphonium chloride
(THPC), gold (III) chloride trihydrate (HAuCl4), and histamine dihydrochloride were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ethyl alcohol (EtOH) and aqueous ammonium hydroxide (NH4OH)
were purchased from Daejung (Siheung, South Korea). HCl and NaOH were purchased from Samchun
(Pyeongtaek, South Korea). Phosphate-buffered saline (PBS; 20×) was purchased from Dyne Bio (Seongnam,
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South Korea). Ultrapure water (resistivity 18.2 MΩ×cm) was produced using a Millipore water purification
system (EXL water purification, Vivagen Co., Ltd., Seongnam, South Korea).

3.2. Preparation of SiO2@Au@Ag NPs

The SiO2@Au@Ag NP material was prepared using silica NPs produced via the Stöber method,
with an average diameter of approximately 160 nm. Following amine-functionalization performed by
incubating a mixture containing 200 mg of silica NPs, 4 mL of absolute EtOH, 200 μL of APTS, and
40 μL of NH4OH for 12 h, the silica NPs were incubated with Au NPs (2–3 nm) prepared by reducing
HAuCl4 with THPC for 12 h with gentle shaking at 25 ◦C. The surfaces of the aminated silica NPs were
covered with Au NPs. An Ag shell was created on the surface of the SiO2@Au NPs by reducing AgNO3 in
the presence of ascorbic acid and PVP; 200 μL of 200 μg/mL SiO2@Au@Ag NPs were well dispersed in
9.8 mL of 1 mg/mL PVP solvent and then 20 μL of 10 mM AgNO3 was added, followed by the addition
of 20 μL of 10 mM ascorbic acid. This suspension was slowly stirred for 15 min for the reduction of Ag+

ions to Ag. The reaction was repeated to obtain an AgNO3 concentration of 300 μM. The SiO2@Au@Ag
NPs were collected by centrifugation at 8500 rpm for 15 min. Following several washes with EtOH to
remove excess reagent, the SiO2@Au@Ag NPs were re-dispersed in absolute EtOH to obtain a 200 μg/mL
SiO2@Au@Ag NP solution.

3.3. Histamine Detection

The histamine solution was prepared by dissolving histamine dihydrochloride in PBS-Tween 20 (1%;
PBS-T), pH 7. To absorb histamine on the surface of the SiO2@Au@Ag NPs, 100 μL of a 1 mM histamine
solution were incubated with 100 μL of a 200 μg/mL SiO2@Au@Ag NP suspension for 2 h, followed
by centrifugation for 15 min at 11,000 rpm to collect the colloids. The NPs was washed several times
with PBS-T (pH 7) to remove excess reagent. The SiO2@Au@Ag@Histamine NPs were re-dispersed in
100 μL of PBS-T (pH 7) to obtain a 200 μg/mL SiO2@Au@Ag@Histamine NP suspension. For optimization,
each condition, including incubation time, solvent pH, and volume of histamine solution, was changed.
The LOD of histamine was determined by varying the concentration of histamine. The control sample
(baseline) consisted of only SiO2@Au@Ag NP material in PBS-T (pH 7) solvent. Each experiment was
conducted three times.

3.4. SERS Measurement of SiO2@Au@Ag@Histamine

The SERS signals were measured using a DXR 2 Raman Microscope System (Thermo Fisher Scientific,
Waltham, MA, USA) with a 532-nm laser excitation source and 10× objective lens. Liquid samples were
measured in a capillary tube with a laser power of excitation of 10 mW for 5 s. The size of the laser beam
spot was approximately 2.0 μm and the sites were randomly selected. The SERS spectra were collected in
the 400–1900 cm−1 wavenumber range. Each sample was measured three times. The highest peak at wave
number 1603 cm−1 was selected for analysis.

4. Conclusions

In this study, histamine was successfully detected by SERS using a SiO2@Au@Ag alloy nanomaterial.
The best SERS signal was obtained using an incubation time of 2 h, a material-to-histamine solution volume
ratio of 1:5, PBS-T solvent at pH 7, and material concentration of 0.125 mg/mL; using this protocol, the LOD
of histamine was 3.698 ppm. To the best of our knowledge, this study is the first to report histamine
detection using gold-silver alloy-embedded silica nanoparticles and provides the basis for further research
that could be applied to the detection of histamine in real samples. In addition, this study demonstrates
that nanoalloys are novel materials that could have a broad application in the future.
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Abbreviations

AgNO3 Silver nitrate
APTS 3-Aminopropyltriethoxysilane
CE Capillary electrophoresis
ELISA Enzyme linked immunosorbent assay
EtOH Ethyl alcohol
EU European Union
FDA U.S. Food and Drug Administration
HAuCl4 Gold (III) chloride trihydrate
HCl Hydrochloric acid
HPLC High-performance liquid chromatography
LOD Limit of detection
NaOH Sodium hydroxide
NH4OH Ammonium hydroxide
NPs Nanoparticles
PBS-T Phosphate-buffered saline-Tween 20
PVP Polyvinylpyrrolidone
S/N Signal to noise ratio
SERS Surface-enhanced Raman scattering
SiO2@Au@Ag Gold–silver alloy-embedded silica
TEM Transmission electron microscopy
TEOS Tetraethylorthosilicate
THPC Tetrakis(hydroxymethyl)phosphonium chloride
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Abstract: In this study, SiO2@Au@4-MBA@Ag (4-mercaptobenzoic acid labeled
gold-silver-alloy-embedded silica nanoparticles) nanomaterials were investigated for the
detection of thiram, a pesticide. First, the presence of Au@4-MBA@Ag alloys on the surface of
SiO2 was confirmed by the broad bands of ultraviolet-visible spectra in the range of 320–800 nm.
The effect of the 4-MBA (4-mercaptobenzoic acid) concentration on the Ag shell deposition and its
intrinsic SERS (surface-enhanced Raman scattering) signal was also studied. Ag shells were well
coated on SiO2@Au@4-MBA in the range of 1–1000 μM. The SERS intensity of thiram-incubated
SiO2@Au@4-MBA@Ag achieved the highest value by incubation with 500 μL thiram for 30 min,
and SERS was measured at 200 μg/mL SiO2@Au@4-MBA@Ag. Finally, the SERS intensity of thiram
at 560 cm−1 increased proportionally with the increase in thiram concentration in the range of
240–2400 ppb, with a limit of detection (LOD) of 72 ppb.

Keywords: ultrasensitive detection; thiram; internal standard; gold–silver-alloy-embedded
silica nanoparticles

1. Introduction

The use of pesticides in modern agriculture has improved crop yield and quality by controlling
or destroying pests or weeds [1–4]. Although pesticides have diverse benefits, they are also a threat
to consumer health because they are toxic to humans and other species [5,6]. When pesticides are
used for crops or seeds, their traces could remain in the food [7], and these derivatives are considered
to be toxic [8]. Further, pesticides are suspected to be carcinogenic and teratogenic compounds [7].
Therefore, the sensitive detection of a small concentration of these fungicides in soils, water, and foods,
as well as their chemical state, is important [7].

Various methods have been proposed for monitoring pesticide residues, such as high-performance
liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), thin-layer
chromatography, and enzyme-linked immunosorbent assay [9–13]. Currently, HPLC is the most
robust and reliable method for food safety analysis. However, HPLC is time-consuming and expensive;
requires a harsh solvent, high power source, bulky and sophisticated operation, complicated multi-step
pre-treatment process; and could be dedicated in labs to trained personnel [14,15]. Thus, a fast, simple,
highly sensitive, and stable method should be developed for the determination of pesticide residue.
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Surface-enhanced Raman scattering (SERS) has been developed as a vibrational spectroscopy
technique for various applications because of its non-destructive, rapid, molecular fingerprinting,
ultrasensitive, and photostable properties [16–20]. Compared with HPLC-MS, SERS does not require
harsh solvents and a high power source, and it is easily compatible with other detection systems [21].
As a result, many studies have focused on the use of different nanoparticles (NPs) as substrates
for SERS detection of pesticides, such as silver nanostructures [21–26], gold nanostructures [27–31],
and graphene oxide [32,33]. Although these nanostructures could enhance the SERS signal up to
1014 times, the practical application of SERS exhibits some technical challenges in the fabrication of
reproducible, reliable, and robust SERS-active surfaces.

Recently, internal standards have been used to correct variations of SERS intensity in quantitative
SERS assays [34–37]. Among them, the ratiometric SERS indicator-based detection mode of core-shell
materials has been successfully developed because it can avoid the competition between the internal
standard and the target molecules. However, difficulties in synthesizing an appropriate SERS probe for
a specified target limited the application of the ratiometric SERS indicator-based detection mode [37].
Previously, our group reported Au-Ag alloys assembled silica NPs (SiO2@Au@Ag NPs) as a strong and
reliable SERS probe with 4-mercaptobenzoic acid (4-MBA) as an internal standard located between the
SiO2@Au core and the Ag shell. SiO2@Au@4-MBA@Ag NPs were synthesized by Au seed-mediated
Ag growth on the surface of a silica template, followed by incorporating 4-MBA on the surfaces [38–41].
However, their application for SERS detection has not been completely investigated. In this study,
we investigated the application of SiO2@Au@4-MBA@Ag NPs on pesticide detection.

2. Results and Discussion

To prepare SiO2@Au@4-MBA, silica NPs (ca. 150 nm in diameter) were first functionalized
with amine groups by 3-aminopropyltriethoxysilane (APTS) to prepare aminated silica NPs,
as shown in Figure 1 [42]. Simultaneously, colloidal Au NPs (3 nm) were prepared using
tetrakis(hydroxymethyl)phosphonium chloride (THPC) and incubated with the aminated silica NPs
by gentle shaking to prepare Au NPs embedded with SiO2 (SiO2@Au NPs), according to the method
reported by Pham et al. [38–41]. Subsequently, 4-MBA was introduced on the surface of SiO2@Au
NPs through the strong affinity between thiol groups and Au, and it was used as an internal standard.
Finally, the Ag shell was deposited on SiO2@Au@4-MBA to enhance the Raman signal of RLCs by
reducing a silver precursor (AgNO3) in the presence of ascorbic acid (AA) and polyvinylpyrrolidone
(PVP) as a stabilizer and structure-directing agent under mild reducing conditions [39]. The silver
ions reduced by AA were selectively grown onto SiO2@Au@4-MBA cores to form the core-shell
SiO2@Au@4-MBA@Ag NPs; this was accompanied by an obvious color change to black. The presence
of the Ag shell could also prevent the leakage of 4-MBA from the Au surface and improve the chance
of generating numerous hot spots on the silica surface to detect the target molecules.

2.1. Characterizations of SiO2@Au@4-MBA@Ag NPs

We investigated the characteristics and effect of 4-MBA on the generation of SiO2@Au@4-MBA@Ag.
Figure 2a shows the transmission electron microscopy (TEM) images of SiO2@Au@4-MBA@Ag. It can
be seen that the Ag shell was well coated on its surface. The surface of SiO2 NPs was decorated
with various small Ag NPs. From the TEM images, the average size of the SiO2@Au@4-MBA@Ag
NPs was determined to be 195 ± 10 nm (n = 90). The zeta potential was also used to confirm the
presence of Au NPs (Figure 2b). SiO2 NPs showed a zeta potential of −45 ± 0.1 mV. When the surface
of the SiO2 NP was incubated with APTS, the zeta potential of SiO2@NH2 increased to −28 ± 0.6 mV
because of the positive property of the NH2 groups. For all the NH2 groups, the Au NPs were
immobilized on the surface of SiO2@NH2 by electrostatic attraction. The surface of the Au NPs was
stabilized by THPC; therefore, the zeta potential of SiO2@Au decreased to −55 ± 6.1 mV. The sizes
of SiO2@Au@4-MBA@Ag NPs increased when the Ag shell was deposited, as shown in Figure 2.
The UV-Vis (ultraviolet–visible) spectra of SiO2@Au@4-MBA@Ag were consistent with the TEM images
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(Figure 2b). The suspension of SiO2 does not show its absorbance in the range of 300–1000 nm.
Whereas the maximum peak of SiO2@Au was at ~520 nm when the Au NPs were immobilized on
the surface of SiO2 NPs, the suspension of SiO2@Au@4-MBA@Ag NPs showed a broadband from 320
to 800 nm. This indicated the generation of irregular structures in the Ag shell and the creation of
hot-spot structures on the surface of SiO2@Au@4-MBA@Ag NPs, producing a continuous spectrum of
resonant multimode [38–41].

Figure 1. Illustration of preparation of Au@4-MBA@Ag embedded silica nanoparticles
(SiO2@Au@4-MBA@Ag NPs) for surface-enhanced Raman scattering probe. (a) Silica NP, (b) aminated
silica NP, (c) Au NPs embedded silica NP, (d) Au NPs embedded silica NP incubated with 4-MBA
(SiO2@Au@4-MBA) and (e) SiO2@Au@4-MBA coated with Ag shell by the reduction of silver nitrate in
the presence of ascorbic acid and polyvinyl pyrrolidone.

 
Figure 2. Characteristics of SiO2@Au@4-MBA@Ag. (a) TEM images, (b) Zeta potential,
(c) UV-Vis spectra of (i) 1000 μg/mL SiO2, (ii) 1000 μg/mL SiO2@Au@4-MBA, and (iii) 10 μg/mL
SiO2@Au@4-MBA@Ag, and (d) Raman spectra of SiO2@Au@4-MBA and SiO2@Au@4-MBA@Ag. Error
bar represents the average value of three samples.
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The Raman signals of SiO2@Au@4-MBA@Ag NPs were also measured (Figure 2d). The signal
of 4-MBA on the surface of SiO2@Au NPs is unclear. In contrast, SiO2@Au@4-MBA@Ag exhibited a
considerably stronger SERS signal of 4-MBA than SiO2@Au@4-MBA. In general, the bands of 4-MBA
on the surface of SiO2@Au@4-MBA@Ag were observed at 360, 520, 715, 838, 1012, 1074, 1137, 1180,
1362, 1480, and 1582 cm−1 in Figure 2d. For 4-MBA, the peak at about 1074 cm−1 was attributed to
the aromatic ring vibration possessing the C–S stretching mode, the band at about 1582 cm−1 arose
from the aromatic ring breathing mode. The less intense band at 1362 cm−1 and 840 cm−1 were the
COO− stretching mode. Other weak bands at 1137 cm−1 and 1179 cm−1 corresponding to the C–H
deformation modes were also observed. This result is consistent with our previous report [40,41,43].
The reproducibility and repeatability of Raman signals of SiO2@Au@4-MBA@Ag were showed in
Figure S1. The sample was measured three times and repeated three times. The reproducibility
and repeatability of Raman signals of SiO2@Au@4-MBA@Ag were calculated to be 2.7 and 8.1%,
respectively. This result was rapidly similar to the size distribution of SiO2@Au@4-MBA@Ag by
TEM analysis.

In addition, the effect of 4-MBA concentration on the SERS signal of SiO2@Au@4-MBA@Ag
NPs was investigated. As previously reported, the density of carboxyl groups on the surface of
SiO2@Au@4-MBA NPs affected the deposition of Ag shell on SiO2@Au@4-MBA [35,36]. Therefore,
the effect of 4-MBA concentration on the SERS signal of SiO2@Au@4-MBA@Ag is considered in
Figure 3. Various concentrations of 4-MBA in the range of 1–1000 μM were incubated with 100 μg
of SiO2@Au@4-MBA, followed by Ag shell deposition of 300 μM AgNO3 in the presence of AA and
PVP. All SiO2@Au@4-MBA@Ag NPs at 4-MBA in the range of 1–1000 μM were coated with Ag shells,
as shown in Figure 3a. The Ag shell appears to have been better deposited at low concentrations than
high concentrations of 4-MBA. The presence of irregular structures on the Ag shell on the surface
of SiO2@Au@4-MBA@Ag NPs was also confirmed by UV–Vis spectroscopy with a broadband from
320 to 800 nm (Figure 3b). The SERS intensity of SiO2@Au@4-MBA@Ag NPs for 1–1000 μM 4-MBA
clearly differed. The SERS signal of 4-MBA at all bands in Figure 3d increased gradually and became
saturated after 100 μM. Therefore, we chose the concentration of 4-MBA concentration as 100 μM for
further studies.

 
Figure 3. Effect of 4-MBA on SERS signal of SiO2@Au@4-MBA@Ag NPs at different concentrations in
the range of 1 μM–1000 μM. (a) TEM images, (b) UV-Vis spectra, (c) Raman spectra, and (d) Raman
signal plot of SiO2@Au@4-MBA@Ag. Error bar represents samples in triplicate.
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2.2. Detection of Thiram by SiO2@Au@4-MBA@Ag NPs

For the application, we chose thiram, a fungicide to prevent fungal diseases in seed and crops, as
a pesticide sample in this study. Thiram is the simplest thiuram disulfide and the oxidized dimer of
dimethyldithiocarbamate. In literature, the ratio of Raman intensity between a target molecule and an
internal standard in quantitative SERS measurement provides more accurate information than the SERS
signal of an intrinsic target molecule [31]. In our study, 4-MBA immobilized between the SiO2@Au
core and Ag shell was used as an internal standard to calculate the concentration of thiram. Figure S2
shows the SERS bands of SiO2@Au@4-MBA@Ag NPs in the presence and absence of thiram. Dominant
bands of SiO2@Au@4-MBA@Ag were observed at 360, 520, 715, 838, 1012, 1074, 1137, 1180, 1362, 1480,
and 1582cm−1. When thiram was adsorbed on the surface of SiO2@Au@4-MBA@Ag NPs, the SERS
bands of thiram-incubated SiO2@Au@4-MBA@Ag NPs was observed at 360, 444, 520, 560, 715, 838, 881,
936, 1015, 1074, 1137, 1181, 1381, 1448, 1480, 151, 1582 cm−1. Thus, several new bands were obtained at
440, 560, 931, 1146, 1381, and 1512 cm−1. According to a previous report by Kang et al., SERS bands
of thiram on the Ag surface was observed at 342, 446, 564, 870, 928, 1150, 1386, 1444, 1514 cm−1 [25].
Therefore, these bands were attributed to the characteristic bands of thiram [25,41]. The SERS bands
of thiram and 4-MBA were partially overlapped; therefore, the SERS signals of thiram-incubated
SiO2@Au@4-MBA@Ag NPs at 360, 881, 1074, 1137, 1181, 1381, 1582 cm−1 increased comparing to
those of SiO2@Au@4-MBA@Ag NPs. To calculate the concentration of thiram, the ratio of Raman
intensity of bands at 520 cm−1 and 560 cm−1 were chosen as the characteristic bands of 4-MBA and
thiram, respectively.

2.2.1. Optimization of Thiram Detection by SiO2@Au@4-MBA@Ag NPs

Effect of Employed Power Energy and Laser Lines

In the literature, the power energy has been considered an important factor affecting the SERS
signal of target molecules. Therefore, we examined the effect of employed power energy on the
SERS signal of thiram detection in the range of 2–10 mW (Figure S3). The SERS intensities of both
SiO2@Au@4-MBA@Au in the presence or absence of thiram increased with the employed power
energy. We chose the employed power of 10 mW to detect thiram for further studies. In order to
investigate the effect of laser lines on the SERS signal of thiram, we also measured the Raman intensity
of thiram-incubated SiO2@Au@4-MBA@Ag at the laser lines of 532 and 780 nm. As showed in Figure
S4 the Raman bands of thiram-incubated SiO2@Au@4-MBA@Ag using the laser line of 780 nm were
broadened and unclear while those using the laser line of 532 nm was clearly obtained. Although
UV-Vis absorbance might not be proportionally related to the strength of the SERS signal intensity,
when that wavelength of the laser is irradiated to particle, the particles will absorb the laser energy
well and it is likely to be connected to a strong SERS signal. Since we have 532 nm wavelength of the
laser and the materials well absorbed the 300 nm to 650 nm wavelength with the maximum absorption
peak at ~450 nm, we chose the laser line of 532 nm for Raman measurement.

Effect of Target Volume

Other than the power energy of the Raman equipment, the SERS signal was affected by
various conditions of the nanomaterials or target concentration. We obtained the SERS signal
of SiO2@Au@4-MBA@Au incubated with various volumes and concentrations of thiram; the results
are shown in Figure 4a. The SERS signal at different concentrations of thiram (100, 500, and 1000 μL)
was incubated with 20 μg of SiO2@Au@4-MBA@Ag. The ratio of SERS intensity between 4-MBA
and thiram measured by the SERS signal of thiram in the range of 1–100 μM is shown in Figure 4.
In Figure 4a, the SERS band ratios of thiram at 560 and 520 cm−1 were proportional to the thiram
concentration at all thiram volumes. However, the behavior of thiram for each specific volume varied
with the concentration. At 100 μL thiram, the SERS band of thiram began increasing at 5 μM, while
this ratio increased immediately at 1 μM when 500 μL and 1000 μL thiram were incubated. In addition,

21



Int. J. Mol. Sci. 2019, 20, 4841

the SERS signal of thiram was almost balanced very early at 5 μM, when 1000 μL thiram was utilized.
This is because the quantities of thiram at each volume changed with the thiram concentration, while
the surface area of SiO2@Au@4-MBA@Ag was constant (20 μg). We found that when 100 μL of 5 μM
thiram or 500 μL of 1 μM thiram was utilized, the quantity of thiram was calculated to be 0.5 nmol,
and the SERS signal of thiram can be observed at 0.5 nm. The SERS signal of thiram was balanced at
5 nmol. The SERS signal of thiram increased steadily and slowly at 500 μM thiram; hence, we chose
500 μL of thiram for further studies.

Figure 4. Effect of (a) thiram volume, (b) quantity of SiO2@Au@4-MBA@Ag, (c) incubation time, and (d)
dilution of SiO2@Au@4-MBA@Ag nanoparticles in the presence of 50 uM thiram. Error bar represents
the triplicates of samples.

Effect of Quantity of SiO2@Au@4-MBA@Ag NPs

The effect of SiO2@Au@4-MBA@Ag quantity is also considered in Figure 4. SiO2@Au@4-MBA@Ag
amounts of 10, 20, and 30 μg were incubated with 500 μL thiram at 1 to 100 μM thiram, and the
results are shown in Figure 4b. For the same concentration of thiram, the greater the amount
of SiO2@Au@4-MBA@Ag added to the thiram solution acting as a substrate for thiram detection,
the lower the SERS signal of thiram (Figure 4b). It is well known that the efficiency of SERS
depends on the density of the target on the surface of nanomaterials [19]. Therefore, when a greater
amount of SiO2@Au@4-MBA@Ag was added, more hot spots were available on the surface of
SiO2@Au@4-MBA@Ag, generating numerous detection sites for thiram, meanwhile, the quantity of
thiram was constant. Thus, the density of thiram at the gap or on the surface of SiO2@Au@4-MBA@Ag
decreased, resulting in decreased enhancement of the thiram intensity between two adjacent
Au@4-MBA@Ag NPs on the surface of SiO2@Au@4-MBA@Ag (Figure 4c) [33]. As a result, the intensity
of thiram-incubated SiO2@Au@4-MBA NPs decreased (Figure 4b). For the same concentration of
thiram, the greater the amount of SiO2@Au@4-MBA added, the larger the gap between Au@4-MBA@Ag
NPs (Figure 4a).

Effect of Incubation Time of Thiram

Incubation is an important factor that affects the adsorption of target molecules onto the surface
of a nanomaterial. Thus, the effect of thiram incubation time on the SERS signal is shown in Figure 4c.
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The SERS intensity of thiram-incubated SiO2@Au@4-MBA@Ag was proportional to the incubation
time, and the highest value was achieved at 30 min. The result indicated that thiram was absorbed
efficiently on the surface of SiO2@Au@4-MBA@Ag because of the thiol groups.

Effect of Concentration of Thiram Incubated SiO2@Au@4-MBA@Ag

According to a previous report, the density of nanomaterials significantly affected the SERS
signal. Figure 4d shows the effect of thiram-incubated SiO2@Au@4-MBA@Ag concentration on the
SERS signal of thiram. In the absence of thiram, the SERS signal of SiO2@Au@4-MBA@Ag NP
suspension was insignificantly different; meanwhile, in the presence of thiram, the SERS signal of
SiO2@Au@4-MBA@Ag NPs increased slowly from 50 μg/mL to 100 μg/mL and achieved the highest
value at 200 μg/mL. For concentrations greater than 200 μg/mL, the SERS signal of the thiram-incubated
SiO2@Au@4-MBA@Ag NP suspension decreased sharply owing to the low diffraction of the suspension.

2.2.2. Detection of Thiram by SiO2@Au@4-MBA@Ag NPs

We measured SERS signals at various concentrations of thiram, in the range of 240–24,000 ppb,
with 20 μg of the SiO2@Au@4-MBA@Ag. The bands at 520 cm−1 and 560 cm−1 were chosen as the
characteristic bands of 4-MBA and thiram, respectively. The SERS intensity of thiram at 560 cm−1

and the ratios of the Raman intensity of thiram to that of 4-MBA are shown in Figure 5. In Figure 5a,
the SERS intensity at 560 cm−1 increased with the increase in a thiram concentration lower than 2400
ppb. Whereas the SERS intensity ratio at 560 cm−1 and 520 cm−1 increased proportionally with the
increase in thiram concentration lower than 12,000 ppb (Figure 5b). The calibration curves of thiram
showed a linear dependence (y = 0.344 × C + 6.625; R2 = 0.95 (C = thiram concentration, y is SERS
signal value on y-axis in Figure 5c)) between the SERS intensity ratio and thiram concentration between
240 ppb and 2400 ppb. The limit of detection of thiram was determined to be 72 ppb (S/N (signal to
noise ratio) = 3), which is considerably lower than 288.5 ppb, as in our report [35], and the limit of the
detection value is lower than the maximal residue limit recommended by the US (7 ppm) and Canada
(0.1 ppm) [44,45].

 
Figure 5. (a) Raman signal (different lines from bottom to top represents different thiram concentration:
0, 240, 1200, 2400, 12,000 and 24,000 ppb) and (b) Raman intensity ratio at 560 and 520 cm−1 and (c)
calibration curves of thiram-incubated SiO2@Au@4-MBA@Ag NPs at various concentrations of thiram
from 0 to 24,000 ppb. The dynamic linear range of 240 to 2400 ppb with the limit of detection of 72 ppb.
Error bar represents an average value of five samples.

3. Materials and Methods

3.1. Chemicals and Reagents

Tetraethylorthosilicate (TEOS), APTS, silver nitrate (AgNO3), chloroauric acid (HAuCl4), THPC,
4-mercaptobenzoic acid (4-MBA), AA, PVP, and thiram were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification. Ethyl alcohol (EtOH) and aqueous ammonium
hydroxide (NH4OH, 27%) were purchased from Daejung (Siheung, Korea). Ultrapure water (18.2 MΩ
cm) was produced using a Millipore water purification system (EXL Water purification, Vivagen Co.,
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Ltd., Seongnam, South Korea). Thiram: the toxicity class WHO III (LD50 for rabbits >210 mg/kg,
Inhalation LC50 (4 h) for rats 4.42 mg/kg) [46].

3.2. Preparation of SiO2@Au@4-MBA

In a previous report, Pham et al. revealed that the SiO2@Au@Ag NPs possessed a relatively high
Raman enhancement effect [38–41]. Au NPs assembled silica nanoparticles (SiO2@Au NPs) were
prepared by incubating the Au NP suspension with aminated silica NPs overnight. Subsequently, 1 mL
of 100 μM 4-MBA solution in EtOH was added to SiO2@Au (1.0 mg), and the suspension was stirred
vigorously for 1 h at room temperature. The colloids were centrifuged and washed several times with
EtOH. The NPs were re-dispersed in 1.0 mL absolute EtOH to obtain 1 mg/mL SiO2@Au NPs modified
with 4-MBA (SiO2@Au@4-MBA).

3.3. Preparation of SiO2@Au@4-MBA@Ag NPs

Au@4-MBA@Ag NPs assembled silica NPs were prepared in an aqueous medium via the reduction
and deposition of Ag using ascorbic acid onto SiO2@Au@4-MBA NPs in a polyvinylpyrrolidone (PVP)
environment. Briefly, 200 μL of 200 μg/μL SiO2@Au@4-MBA was dispersed in 9.8 mL of water
containing 10 mg PVP, which was kept still for 30 min. Then, 20 μL of 10 mM silver nitrate was added
to the suspension, followed by the addition of 20 μL of 10 mM ascorbic acid. This suspension was
incubated for 15 min to completely reduce the Ag+ ions to Ag. The reduction steps were repeated to
obtain the desired AgNO3 concentration. SiO2@Au@4-MBA@Ag NPs were obtained by centrifuging
the suspension at 8500 rpm for 15 min, and the NPs were washed several times with EtOH to remove
excess reagent. SiO2@Au@4-MBA@Ag NPs were re-dispersed in 1 mL of absolute EtOH to obtain a
200 μg/mL SiO2@Au@4-MBA@Ag NP suspension.

3.4. Thiram Detection

To absorb thiram on the surface of SiO2@Au@4-MBA NPs, 500 μL of 50 μM thiram solution was
incubated with 500 μL of 200 μg/mL SiO2@Au@4-MBA@Ag NPs suspension for 30 min, followed by
centrifugation for 15 min at 13,000 rpm to collect the colloids. The prepared NPs were washed several
times with EtOH to remove excess reagent. SiO2@Au@4-MBA@Ag@thiram NPs was re-dispersed in
500 μL of absolute EtOH to obtain a 200 μg/mL SiO2@Au@4-MBA@Ag@thiram NP suspension.

3.5. SERS Measurement of SiO2@Au@4-MBA@Ag@thiram

To obtain the surface-enhanced Raman spectrum, the obtained colloids suspensions were measured
in a capillary tube. SERS signals were measured using a micro-Raman system with a 532 nm laser
excitation source and equipped with an optical microscope (BX41, Olympus, Tokyo, Japan). The SERS
signals were collected in a back-scattering geometry using a ×10 objective lens (0.90 NA, Olympus,
Shinjuku, Tokyo, Japan). A 532 nm diode-pumped solid-state laser was used as a photo-excitation
source, exerting a laser power of 10 mW at the sample. The selected sites were measured randomly,
and all SERS spectra were integrated for 5 s. The size of the laser beam spot was approximately 2.0 μm.
The SERS spectrum was obtained in the 300–2000 cm−1 wavenumber range.

4. Conclusions

We successfully prepared SiO2@Au@4-MBA@Ag nanomaterials and optimized their conditions
for thiram detection. The presence of Au@4-MBA@Ag alloys on the surface of SiO2 was confirmed by
the broad bands in the range of 320 to 800 nm, indicating the generation of bumpy structures on the
the Ag shell. The effect of 4-MBA concentration on the SERS signal of SiO2@Au@4-MBA@Ag NPs was
studied. The SERS signal of 4-MBA increased gradually for concentrations under 100 μM. For thiram
detection, SiO2@Au@4-MBA@Ag exhibited a stronger SERS signal of 4-MBA at 360, 520, 715, 838, 1012,
1074, 1137, 1362, 1480, and 1582 cm−1. Meanwhile, several new bands of thiram were obtained at 440,
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560, 931, 1146, 1381, and 1512 cm−1 when thiram was adsorbed on the surface of SiO2@Au@4-MBA@Ag
NPs. Additionally, the SERS intensities of both SiO2@Au@4-MBA@Au increased with the employed
power energy from 2 to 10 mW. The SERS intensity of the thiram incubated SiO2@Au@4-MBA@Ag
achieved the highest value via incubation with 500 μL thiram for 30 min and measuring SERS at
200 μg/mL SiO2@Au@4-MBA@Ag. Finally, the SERS intensity of the thiram at 560 cm−1 increased
proportionally with the increase in thiram concentration in the range of 240 to 2400 ppb with a LOD of
72 ppb. This study provides a thorough understanding of thiram detection, which supports further
research and development for strong and reliable SERS probes based on SiO2@Au@4-MBA@Ag NPs.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/19/
4841/s1.
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Abstract: Silver is easily available and is known to have microbicidal effect; moreover, it does not impose
any adverse effects on the human body. The microbicidal effect is mainly due to silver ions, which have
a wide antibacterial spectrum. Furthermore, the development of multidrug-resistant bacteria, as in the
case of antibiotics, is less likely. Silver ions bind to halide ions, such as chloride, and precipitate; therefore,
when used directly, their microbicidal activity is shortened. To overcome this issue, silver nanoparticles
(Ag NPs) have been recently synthesized and frequently used as microbicidal agents that release silver ions
from particle surface. Depending on the specific surface area of the nanoparticles, silver ions are released
with high efficiency. In addition to their bactericidal activity, small Ag NPs (<10 nm in diameter) affect
viruses although the microbicidal effect of silver mass is weak. Because of their characteristics, Ag NPs are
useful countermeasures against infectious diseases, which constitute a major issue in the medical field.
Thus, medical tools coated with Ag NPs are being developed. This review outlines the synthesis and
utilization of Ag NPs in the medical field, focusing on environment-friendly synthesis and the suppression
of infections in healthcare workers (HCWs).

Keywords: antiviral property; healthcare workers (HCWs); medical application; microbicidal
property; silver nanoparticles (Ag NPs); cytotoxicity

1. Introduction

Silver is widely used in industrial applications because of its metallic properties, such as
conductivity, and in the medical field due to its antimicrobial effect [1]. Silver shows antibacterial
activity against various organisms, and this effect is observed even at low concentrations [2]. Berger et al.
reported that the growth of Escherichia coli (E. coli), Staphylococcus, Providencia, Serratia, and Pseudomonas
aeruginosa is inhibited by the presence of ~1 μg/mL silver ions [1]. Ip et al. reported that several
wound-coating materials (wound dressings) that contain silver exert an antibacterial effect against
methicillin-resistant Staphylococcus aureus (MRSA) [2]. The antibacterial activity of silver is mainly
attributed to silver ions, which are released from a silver-containing substance and interact with the thiol
groups of enzymes and proteins that support bacterial life, thus affecting cell respiration and killing the
cells [3]. When halide ions, such as chloride, are present in the environment, silver ions bind to them and
precipitate, losing their water solubility and antibacterial activity. Therefore, the antibacterial activity of
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free silver ions is very short when they are used alone [4]. To overcome this issue, silver nanoparticles
(Ag NPs) [5], silver-containing fine glass particles [6], and Ag NPs/chitin or chitosan complexes [7–9]
have recently been developed. From these compounds, silver ions are gradually released, thereby
causing antimicrobial activity.

For a metallic particle to be considered as “nano”, its size must be within 1–100 nm [10].
Metallic nanoparticles exhibit specific properties, such as surface plasmon resonance [11]. Such particles
have been used for glass decoration because of their specific vivid color, e.g., red from gold nanoparticles
and yellow from Ag NPs. In addition, nanoparticles have a large specific surface area with a small
amount of metal mass [5]. Metal nanoparticles are commonly synthesized via the reduction of metal
salts in a solution [12] or the formation of metal atom aggregates by the heating or vaporization
of a metal in inert gas or vacuum [13]. Size-controlled Ag NPs are also synthesized using new
environment-friendly synthesis techniques [14]. The surface of Ag NPs in an aqueous environment is
oxidized in the presence of oxygen and protons, and silver ions are released as the surface dissolves.
Thus, the effective silver ion concentration is maintained in the solution, and the antimicrobial effect
will last for a long time [5].

Various applications have been found in the medical field for Ag NPs; for example, they can
be used for biosensors, drug delivery systems, and medical devices [15–17]. Because of their wide
antibacterial and antiviral spectrum, there are particularly high expectations for the suppression of
multidrug-resistant bacteria. For example, Ag NPs are combined with a cationic polymer to produce
a bactericidal material. Ag NPs have good applicability and are easily processed because of their
low melting point [18]. This review describes representative methods used for synthesizing Ag NPs,
focusing on environment-friendly synthesis, their effect on microorganisms and viruses, and their
application to medical devices, particularly the suppression of infections in both patients and healthcare
workers (HCWs).

2. Synthesis of Ag NPs

Ag NPs have been synthesized using various methods, which can be classified as gas or aerosol,
solid, and liquid-phase routes (Figure 1). Both chemical and physical synthesis methods for Ag NPs are
well known [19]. In recent years, green synthetic pathways have also been proposed [20]. These green
processes reduce the generation of harmful byproducts that damage the environment. They also allow
for an efficient resource-saving synthesis.

Figure 1. Various methods for silver nanoparticle (Ag NP) synthesis. Ag NPs have been synthesized
using various methods that can be classified as solid, liquid, or gas-phase routes.
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2.1. Environment-Friendly Synthesis Methods

The green synthesis method based on green chemistry programs is known as the representative
environment-friendly synthesis method. To avoid the use or discharge of hazardous chemical substances
to a considerable extent during the synthesis of chemical compounds, green chemistry programs
were proposed by the Environmental Protection Agency of the United States (EPA) in 1990. Then, in
1998, Anastas and Warner published the “Twelve Principles of Green Chemistry”, summarizing the
concept of green chemistry [21]. Since then, policies concerning the handling of environment-friendly
chemical substances have been announced worldwide. Moreover, green sustainable chemistry
advocates for resource savings by recycling, which is not necessarily covered by green chemistry.
This consideration has also become widespread in the materials science field, and reports on the
green synthesis of Ag NPs have increased. The components of these materials such as nicotinamide
adenine dinucleotide (NAD) are capable of reducing Ag salts (silver ions) into Ag NPs. Nicotinamide
adenine dinucleotide-dependent reductase can produce Ag NPs by enzymatic reduction; however, the
enzymatic reduction rate is often slow [22]. Some biological materials using green synthesis methods
using bacteria [23–29], fungi [30–35], and plant [36–42] are shown in Table 1.

Table 1. Some green synthesis methods for synthesizing Ag NPs.

Material Size (nm) Note

Bacteria 28–122 E. coli [23]
10–15 Rhodococcus spp. [24]

44–143 Bacillus thuringiensis [25]
38–85 Ochrobactrum anhtropi [26]
8.1–91 Pantoea ananatis [27]
41–68 Bacillus brevis [28]
105 Bacillus mojavensis [29]

Fungi 1–20 Aspergillus terreus [30]
8–50 Pleurotus ostreatus [31]

25–50 Bryophilous rhizoctoni [32]
10, 50 Penicillium fellutanum [33]

7 biomass derived from Aspergillus flavus [34]
14, 25 Penicillium expansum [35]

plant 9 Jasminum nervosum [36]
10–40 Artemisia princeps [37]

20 Cassia auriculata [38]
34 Eclipta prostrata [39]

20, 30 Coffea arabica [40]
10–60 Antigonon leptopus [41]
25–40 Fraxinus excelsior [42]

Among the available green methods of synthesis for Ag NPs, utilization of plant extracts is a rather
simple and easy process to produce nanoparticles at large scale relative to bacteria and/or fungi mediated
synthesis [43]. Several studies have discussed the synthetic conditions, such as pH and reaction
temperature, that promote the synthesis of Ag NPs [16]. With regard to pH, polysaccharides and
proteins related to the reaction are denatured under strongly acidic conditions; thus, neutral or slightly
alkaline conditions are desirable [44,45]. Regarding the temperature of the reaction system, the amount
of reactant consumed remarkably increases at high temperatures, yielding nanoparticles [46].

The diameter of the Ag NPs is known to influence the microbicidal effect [15,17]. The bactericidal
activity is stronger when the particle size is smaller [47]. Therefore, an adequate synthesis method
is required to generate small-size particles (<10 nm) with small dispersions. Ishihara et al. reported
that when synthesizing Ag NPs by common autoclaving using commercially available glass powders
containing silver nitrate as a silver ion supplier and glucose as a reducing agent, the particle size can
be controlled easily depending on the glucose concentration. Ag NPs of 5 ± 1 nm can be efficiently
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synthesized by the method (Figure 2) [14,48]. Moreover, no harmful material was generated by the
synthesis method.

Figure 2. Environment-friendly method for Ag NP synthesis with the diameters control by glucose
concentration. We have reported that environment-friendly processes were used to produce small
Ag NPs (<10 nm) within a narrow size distribution. The diameters of generated Ag NPs were easily
controlled by glucose concentrations [14].

2.2. Chemical Synthesis Methods

Some chemical methods for the synthesis of Ag NPs include chemical reduction [12,49–54],
electrochemical synthesis [55–57], the irradiation-assisted method [58–61], and the pyrolysis
method [62,63], as summarized in Table 2.

Table 2. Some chemical methods for synthesizing Ag NPs.

Method Size (nm) Note

Chemical reduction <50 Hydrogen peroxide was used as reducing agent [12].
7.6–13.11 Sodium borohydride was used as reducing agent [49].
7, 29, 89 Gallic acid was used as reducing agent [50].
<30 Sodium citrate was used as reducing agent [51].

5, 7, 10, 15, 20, 30, 50, 63,
85, 100 Sodium borohydride and trisodium citrate were used as reducing agent [52].

9, 11, 24, 30 Hydrazine hydrate and sodium citrate were used as reducing agent [53].
∼5 Sodium borohydride and citrate were used as reducing agent [54].

Electrochemical
synthesis 4.8 Dry oxygen-free solvents were used under an argon atmosphere. [55].

1–18 The film, as a cathode, was ion exchanged to desired Ag contents in AgNO3
solutions and then reduced electrochemically [56].

30, 46 A platinum was employed as cathode and anode [57].

Irradiation-assisted
method 30–120 Dual-beam illumination system (546 nm/440 nm) was used [58].

2–8 Ag NPs were synthesized with UV (266 nm) irradiation [59].

50 Ag NPs were synthesized by a microwave irradiation (Cu-Kα; 0.154 nm at 40
kV) [60]

3–30 Ag NPs containg hydrogels were prepared by radiation crosslinking and
reduction, simultaneously [61].

Pyrolysis method 20–300 An argon gas was used under oxygen-free environment [62].
3–150 All solutions were dispersed by oxygen environment [63].

Among them, chemical reduction is well known and requires two main components: a reducing
agent and a silver source for the reaction. Various reagents are used for reducing agents [12,50,51].
Of these, borohydride is the most widely used because of its extremely strong and rapid reducing
action [12,64–67]. In addition, Ag NPs synthesized using a co-reduction approach (e.g., sodium
borohydride/trisodium citrate [52], hydrazine hydrate/sodium citrate [53], and borohydride/citrate [54])
were reported. Agnihotri et al. reported that Ag NPs were synthesized employing sodium borohydride
as a primary reductant and trisodium citrate both as secondary reductant as well as protective agent [52].
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In this method, nucleation and growth kinetics during the synthesis process were precisely controlled
and Ag NPs of average size 5, 7, 10, 15, 20, 30, 50, 63, 85, and 100 nm were synthesized with good
yield and monodispersity. As described, a protective agent is often added to stabilize the produced
nanoparticles in a dispersed state. The crystal structure can also be controlled using this protective
agent: Rhomboid structures and nanosheets can be produced in addition to the general spherical shape.
Silver nitrate, which is chemically stable, easily available, and inexpensive compared to other silver
salts [68], can supply silver ions to synthesis systems and is frequently used as the silver source.

Instead of reducing agents, a silver source is also reduced by electrochemical reaction,
irradiation-assisted reaction, and pyrolysis reaction. For example, an electrochemical method, which can
be used to produce certain transition metal colloids in the nanometer region, was demonstrated for
the first time [55]. Ag NPs of ≤ 20 nm can be synthesized using an electrochemical method [55,56].
Using this method, Zhang et al. reported new modification method of ultrathin zeolite film of
about 400 nm in thickness; the films are promising candidates for use in membrane applications [56].
Recently, Ag NPs were prepared by an electrochemical method using only polyethylene glycol as a
stabilizer and without any other reactant [57]. Interestingly, using irradiation-assisted method, Ag NPs
can be extended easily to synthesize relatively monodisperse triangular silver nanocrystals with desired
edge lengths in the 30–120 nm range [58] and cubic crystal with 2–8 nm lengths [59]. In addition,
irradiation-assisted method contributive to shortening of the synthesis time. According to Manikprabhu
and Lingappa, Ag NPs were synthesized rapidly in just 90 s from 20 min by a microwave irradiation
method, using pigment as a reducing agent [60]. Zhou et al. reported that nanosilver/gelatin/chitosan
hydrogels were prepared by radiation crosslinking and reduction simultaneously, resulting in a
stable and homogeneous distribution of Ag NPs in the matrix [61]. To synthesize fine powders by
aerosol decomposition, ultrasonic spray pyrolysis has been used; however, a particle size of less
than 20 nm has not been reported [62]. Pingali et al. reported that one-step spray pyrolysis of
ultrasonically-atomized dilute solutions of metal solutes represents a potentially viable means of
generating relatively monodisperse particles, with the capability of obtaining a mean particle size less
than 20 nm [62]. Sotiriou et al. also reported that Ag NPs (less than 20 nm) were made and immobilized
on nanostructured SiO2 [63].

2.3. Physical Synthesis Methods

Briefly, nanoparticles are synthesized using a physical method that physically pulverizes a
metal [22,69,70]. Compared to chemical methods, thin films and the uniformity of nanoparticles
distribution can be prepared with the absence of solvent contamination; however, a stable high energy
over a long time should be supplied in physical methods to produce a high yield of Ag NPs of
uniform size, and require large space for equipment. Evaporation/vapor condensation [22,71,72],
arc discharge [73], and energy ball milling [74] are some of the commonly used methods for synthesizing
nanoparticles. Tien et al. reported the synthesis of 20–30 nm diameter of Ag NPs via arc discharge
with no added surfactants [73]. The fabrication consumes silver rods at a rate of 100 mg/min, yielding
metallic silver nanoparticle and ionic silver with concentrations of approximately 11 ppm and 19 ppm,
respectively. Nakamura et al. developed a simple and rapid synthesis technique (20-min irradiation),
via laser irradiation of an aqueous solution of inorganic ions for nanoparticles synthesis [75]. As a result,
antibacterial calcium phosphate sub-microspheres containing Ag NPs expected to be useful in dental
healthcare and infection control were produced with one-pot fabrication.

3. Microbicidal Properties of Ag NPs

The mechanisms of the microbicidal activity of Ag NPs have only recently been understood.
Sondi and Salopek-Sondi were the first to report the bactericidal ability of Ag NPs against Gram-negative
bacteria, using E. coli. They revealed that the nanoparticles accumulate in “pits” that are formed in
the cell wall; then, the release of free radicals from the Ag NPs damages the cell and annihilates the
bacteria [5]. Furthermore, the redox reaction, in which the silver ions are released from Ag NPs, is also
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mentioned as one of the factors that damages bacteria [76]. Small Ag NPs (less than 10 nm) releases
silver ions from its surface that indicate much higher antibacterial activity than from direct bacterial
contact with that surface [77]. Matteis et al. reporeted that the death following the application of Ag
NPs is dose-dependent [51]. Silver ions are known to specifically react with the thiol group of cysteine;
thus, the metabolic enzymes inside the bacteria are considered to be inhibited. This may be explained
either by the formation of new bonds between the silver ions and cysteine residues in the peptide,
or by the fact that the ions replace other metal ions already bound to the cysteine, killing the bacteria.
The relation between the size of the Ag NPs and the antibacterial effect has also been elucidated,
indicating that a smaller diameter results in a higher bactericidal activity [78]. This is likely due to the
structure and size of the “pits” on the cell wall, which varies depending on the types of bacteria; smaller
Ag NPs can access the “pits” more efficiently than larger Ag NPs [79]. According to Gurunathan et al.,
in experiments using Ag NPs of 5 nm on average, nanoparticles were more effective than ampicillin
or vancomycin against some bacteria [80]. This suggests that Ag NPs are useful against infectious
diseases. Ag NPs [81] have a high antibacterial activity against E. coli O157: H7 [82], which has
a very strong food poisoning effect, and this bactericidal activity is exerted against Streptococcus
pyogenes, Salmonella enterica, Staphylococcus aureus, and Enterococcus faecalis [83]. Although silver ions
show a strong microbicidal activity against prokaryotic cells, particularly Gram-negative bacteria,
their activity against Gram-positive bacteria is considered weak. This is explained by the thick cell
wall of Gram-positive bacteria. Further, the peptidoglycan in their wall has a significant influence.
The affinity between silver ions and the peptidoglycan is very high, and silver ions are presumably
trapped in the cell wall and do not reach inside the cell membrane [84]. Furthermore, high temperatures,
as well as the presence of chlorine, thiol groups, and oxygen-carrying proteins, strongly influence the
presence of silver ions [5]. Thus, the environment in which Ag NPs are used is also an important factor
influencing the microbicidal activity of Ag NPs.

4. Antiviral Properties of Ag NPs

Studies on the antiviral action of Ag NPs are far behind those targeting microbicidal properties, and
the mechanism of antiviral action is still not well understood. A viral infection is established when the
nucleic acids of the virus are introduced into the host cell and then replicated. Ag NPs possibly act on the
surface of the virus and physically inhibit the contact with host cells [82,83,85]. Previous studies have
demonstrated that the size of the Ag NPs is essential for the manifestation of antiviral effects, similar to
the observations in bacteria. According to Speshoc et al., ≤25 nm Ag NPs are effective against arenavirus,
inhibiting its replication process [86]. Gaikwad et al. indicate that Ag NPs of 7–20 nm have antiviral effects
against herpes simplex virus (HSV) types 1/2 and human parainfluenza virus type-3 [87]. Furthermore,
since the antiviral effect decreased with increasing particle diameter, the nanoparticles should be as small
as possible. Baram-Pinto et al. reported that Ag NPs inhibit the contact of HSV-1 with the cell surface and
prevent infection [88]. Ag NPs are effective against cells already infected with human immunodeficiency
virus (HIV) [89]. Ag NPs adhere to the envelope of the HIV virus to prevent cell infection [90]. Mori
et al. reported that Ag NPs of ≤ 10 nm were effective against the influenza virus [9,14]. Rogers et al.
reported that Ag NPs of approximately 10 nm inhibit Monkeypox virus (MPV), an orthopoxvirus similar
to variola virus, infection in vitro [91]. Interestingly, they also reported that larger Ag NPs (25 nm, 55 nm,
and 80 nm) promoted an increase in the mean number of MPV plaque-forming unit (PFU)/well when
compared to controls. A potential explanation for this may be due to nanoparticle agglomeration, the
nanoparticle agglomeration may potentiate or facilitate virus particle interaction or internalization within
host cells, leading to an increase in the number of observed PFU. Therefore, particle size of Ag NPs seems
very important for antiviral properties of Ag NPs. More studies on the antiviral activity of Ag NPs will
possibly be reported in the future.
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5. Toxicity of Ag NPs in Humans

Investigations on the toxicity of Ag NPs to the human body have only recently been reported.
Recent in vitro studies demonstrate the cytotoxicity of Ag NPs against HaCaT (Human keratinocyte
cell line) cells, toxicity data in terms of cell viability revealed a dose-dependent safe profile for low
concentrations (<10 μM), whereas higher concentrations were associated with a high rate of cell
mortality [92]. The evaluation of cytotoxicity of Ag NPs has been also carried out in other human
cellular models such as lung fibroblasts [93], glioblastoma cells [93], and mesenchymal stem cells [94].
Oxidative stress and severe lipid peroxidation have been observed, and they certainly damage
proteins [95]. The proposed mechanism by which Ag NPs lead to cytotoxicity has been considered to at
least partially be through the induction of reactive oxygen species (ROS) [96]. Overproduction of ROS
causes impairments in DNA, lipids, and protein, eventually leading to cell death and progressive aging
of an organism [97]. In addition, the cells capture the Ag NPs depending on the surface charge intensity
of the nanoparticles [98]; then, their accumulation in the cells likely damages the mitochondrial
membrane due to oxidative stress, thereby damaging the DNA [99–101]. Moreover, the induction of
cell apoptosis is considered [102]. Thus, knowledge on the toxicity of Ag NPs to several human cells has
continued to increase. However, related research mainly focuses on in vitro and animal experiments
and is rarely reported. For example, in vivo acute/subacute toxicity data showed no changes in mice
health status after intraperitoneal administration. Histological observations of internal organs and
the biochemical parameters analyzed together with the other biological observations showed a low
toxicity level with no major differences related to control, albeit at skin level a reduced number of mast
cells was detected [92]. Hence, further studies on safety to humans are expected in the future [103,104].

6. Applications for Healthcare Workers (HCWs)

“Emerging” infectious diseases (EIDs) can be defined as infections that have newly appeared
in a population or have existed but are rapidly increasing in incidence or geographic range [105].
Among recent examples are Ebola Virus Disease (EVD), Middle East Respiratory Syndrome coronavirus
(MERS-CoV), Severe Acute Respiratory Syndrome (SARS), infection with MRSA, and Cholera.
The HCWs involved during medical treatment of EID patients have a fatal risk of contact infection.
The EID outbreak in west Africa had a devastating effect on HCWs. Of the nearly 17,000 cases of
EVD in Guinea, Liberia, and Sierra Leone, at least 600 were among HCWs, and more than half of
them died [106]. MERS-CoV infection continues to have a high fatality rate, and a large proportion of
patients are HCWs (26%) [107].

As described above, Ag NPs have a strong microbicidal activity with a broad spectrum.
Furthermore, the mechanism that has been proposed is that Ag NPs yield ROS, leading to oxidative
stress [100,101] in addition to the generation of free silver ions [48]. Therefore, Ag NPs will provide
useful materials to protect HCWs from the risk of contact infection. To prevent contact infection,
HCWs usually wear protective clothing. Pathogenic microbes, which are mainly generated by patients,
stay alive on the surfaces of protective clothing. It was necessary to develop an evidence-based
protective clothing for HCWs [108]. Especially, there is a risk of infection by incorrect contact when
removing the clothing. To overcome that problem, we carried out research with the aim of developing
a new microbicidal/antiviral material, using Ag NPs absorbed on a chitin sheet with a nanoscale
fiber-like surface structure (Figure 3) [48,109].

The chitin nanofiber sheet (CNFS) used in our study has a nanoscale fiber-like surface structure,
with corresponding increases in the available surface area for adsorption of Ag NPs. In addition,
the advantages, in terms of biochemical activities, of chitin/chitosan-based materials include
anti-infectious activity, the stimulation of angiogenesis/wound repair, and the stabilization/activation
of growth factors [110–114]. Recent studies show that the application of CNFS to skin improved the
epithelial granular layer and increased granular density, suggesting the potential use of CNFS as a
component of skin-protective formulations [31].
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Figure 3. The mechanism for microbicidal and antivirus activities of the Ag NP chitin nanofiber
sheet (CNFS). To prevent contact infection of healthcare workers (HCWs), an Ag NP chitin nanofiber
sheet (CNFS) was developed, showing strong microbicidal activity against microorganisms/viruses via
reactive oxygen species (ROS) and silver ions on the surface of substratum.

We found that negatively charged Ag NPs are efficiently absorbed onto positively charged
chitin/chitosan-based materials with a nanoscale fiber-like surface structure (<200 μm), such as CNFS,
which also act as stabilizers of the Ag NPs [7,8,109]. Moreover, Ag NPs were able to bind directly to
cotton, paper, and cloths with nanoscale fiber-like surface structures (data not published). Materials with
immobilized Ag NPs have enhanced microbicidal activities against microbial pathogens and viruses.
For example, we confirmed strong microbicidal activities of Ag NPs absorbed on CNFS against bacteria
(E. coli) and viruses (H1N1 influenza A virus) (Figure 4) [9,48,109]. Thus, the materials have great potential
to be used in clothes, plastics, and papers, with various applications such as in doctor/nurse uniforms,
security/protection coats, masks, gloves, and counter cloths (Figure 5) [48]. Although we successfully
synthesized new microbicidal/antiviral materials using Ag NP technology, further in-depth research will
be required to evaluate how long these materials can maintain their stability in terms of microbicidal
properties and to evaluate their safety for the human body. The issues of the materials’ safety for the
human body is especially important, because the potential effects on patients who come into contact with
the materials, through their various applications used by HCWs, should also be considered.

Figure 4. The microbicidal/antiviral activity of materials using Ag NPs/CNFS with various concentration
of Ag NPs [48]. The activities of various concentrations of Ag NPs on CNFS against E. coli (a) and
H1N1 Influenza A (b). Data are mean value ± standard deviation (n = 6); the asterisk indicates a
statistically significant difference (p< 0.01) using two-sample t-test vs. control. ND means non-detection.
The vertical axis is listed with a common logarithm. For example, with an Ag NP concentration of
8.5 μg/cm2 in the CNFS in (b), there was a reduction of greater than 2 log10 (100-fold) corresponding to
a reduction of viral titers by approximately 99%.
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Figure 5. The application of the Ag NP/CNFS complex to protect HCWs. To prevent contact infection of
HCWs, we have proposed medical consumables, such as infection-protective coats, masks, and gloves,
immobilized Ag NPs.

7. Other Medical Applications

Some of the commercially available silver-based materials already available are shown in Table 3.
The range of microbicidal properties of Ag NPs is wider than that of antibiotics, and the appearance of
resistant bacteria such as MRSA is rare in Ag NP-based materials [115]. The combination of various
materials with Ag NP-based materials has been studied [116–119]. The production of wound dressings
and medical catheters coated with Ag NPs has been investigated. However, silver absorbed by the
skin causes food poisoning symptoms [120]. Moreover, metal allergies can be triggered if Ag NPs stay
in the body for a long time [121]; therefore, care must be taken to avoid their intake.

The skin is the outermost tissue covering the human body and is prone to various stimuli and
injuries [122]. Depending on the severity of the physical or chemical injury, the wound may hurt for a
long time or even be lethal [123]. When caring for a wound, it is important to prevent it from drying out
and to take measures against bacterial infection [124]. Wound dressings are used to maintain a humid
environment, and disinfection and antibiotic treatment are measures against infection. Because of the
worldwide concern regarding resistant bacteria due to the frequent use of antibiotics, a significant
number of studies have been conducted on the development of wound dressings containing materials
with antibacterial activity [125]. Wound dressings with Ag NPs are a representative example, and many
types are now known. Silver ions are released from the Ag NPs contained in the wound-covering
material in order to destroy the bacteria at the wound site [126].

Various types of catheters are used in the medical field; for example, the central venous catheter
(CVC) is used intravenously from the body surface, near the main vein in the region of the right atrium
for treatment or nutritional supplementation [127–129]. The highest possible attention is thus required to
accurately locate the blood vessel and avoid any risk of bacterial infection by the catheter [129]. There is
also a risk of septicemia if bacterial infection is caused via a catheter. More than 80% of infectious cases
have been caused by MRSA [130]. Catheters coated with Ag NP have been developed to protect patients
from such infections [131–133]. Approaches for preventing infections caused by both Gram-negative and
Gram-positive bacteria have been reported [128,134–136]. There has been a continuous improvement in
catheters coated with Ag NPs, and the development of devices with bactericidal properties and suppressed
toxicity to the organism has advanced [129,134,137]. Urinary catheters are also frequently used in hospitals.
Usually, these are made of silicone or latex and indwelled in the bladder via the urethra when the patient
cannot urinate, e.g., when anesthetized or when the urine volume must be strictly measured [138]. Due to
the nature of urinary catheters, bacterial infections in the urinary tract may arise [139]. Gram-negative
bacteria, such as E. coli, Enterococcus faecalis, and S. epidermidis, frequently cause such infections [140].
A urinary catheter coated with Ag NPs exhibited hydrophilic properties and prevented the accumulation
of proteins and electrolytes, suppressing the formation of biofilms [115].

An example of a typical use of silver materials in modern medicine is the amalgams that have
been used in dentistry since the 19th century [141]. Currently, silver is also used in dental prostheses
and implants, such as artificial dental roots implanted in the jawbone [142]. Dental implants are
often contaminated by a biofilm, resulting in severe inflammatory disorders [143]. To overcome this,
various metal dental implants or dental implants coated with metals have been tested, but favorable
results were only obtained when using silver [144].
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8. Conclusion Remarks

Applied research on Ag NPs in the biomedical field has been actively conducted, of which only
a portion has been introduced in this review. There are high expectations regarding nanoparticles’ use;
however, the toxic effect of Ag NPs on living organisms and the related health problems are concerning
when their concentration exceeds a certain level [22]. For example, high blood pressure may be caused
by Ag NPs [145]. Eliminating silver accumulated in the body is difficult. However, when the silver is
present as nanoparticles, the toxicity decreases because they can be eliminated through the urine and
hair [146]. However, current knowledge on the toxicity of Ag NPs to humans is based on in vitro tests
and animal experiments, and there is no strict consensus about their toxicity. Therefore, the safety of Ag
NPs when used for the human body needs further investigation. The microbicidal spectrum of Ag NPs
is wide, and there is little concern regarding the rise of resistant bacteria. Recent studies revealed their
effect on viruses that were thought to be unaffected by nanoparticles. The application of Ag NPs in the
medical field is fascinating, particularly for infectious diseases. Attempts have also been made to impart
microbicidal properties to biocompatible medical devices, and Ag NPs are considered to be one of the
materials that will contribute to the progress of medical science in the future. In addition, materials based
on Ag NP technology are expected to contribute to research into protecting HCWs from various risks,
such as contact infection during medical treatments on patients. We expect that Ag NP-based materials
will be able to prevent the contact infection of HCWs, besides preventing patient infection.
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Abbreviations

Ag NPs silver nanoparticles
CAUTIs catheter-associated urinary tract infections
CNFS chitin sheet with nano-scale fiber-like surface structure
CVC central venous catheter
EID emerging infectious diseases
EPA the Environmental Protection Agency of the United States
EVD ebola virus disease
E. coli Escherichia coli
EG ethylene glycol
HaCaT human keratinocyte cell line
HSV herpes simplex virus
HIV human immunodeficiency virus
MERS-CoV middle east respiratory syndrome coronavirus
MPV monkeypox virus
MRSA methicillin-resistant Staphylococcus aureus
NAD nicotinamide adenine dinucleotide
PFU plaque-forming unit
PVP polyvinylpyrrolidone
ROS reactive oxygen species
SARS severe acute respiratory syndrome
TEM transmission electron microscopy
UV ultraviolet
Vis visible
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Abstract: It is known that silver has microbicidal qualities; even at a low concentration, silver is active
against many kinds of bacteria. Silver nanoparticles (AgNPs) have been extensively studied for a
wide range of applications. Alternately, the toxicity of silver to human cells is considerably lower
than that to bacteria. Recent studies have shown that AgNPs also have antiviral activity. We found
that large amounts of hydroxyl radicals—highly reactive molecular species—are generated when
AgNPs are irradiated with ultraviolet (UV) radiation with a wavelength of 365 nm, classified as
ultraviolet A (UVA). In this study, we used electron spin resonance direct detection to confirm that
UV irradiation of AgNPs produced rapid generation of hydroxyl radicals. As hydroxyl radicals
are known to degrade bacteria, viruses, and some chemicals, the enhancement of the microbicidal
activity of AgNPs by UV radiation could be valuable for the protection of healthcare workers and the
prevention of the spread of infectious diseases.

Keywords: healthcare workers; hydroxyl radical; medical application; microbicidal activity; silver
nanoparticles (AgNPs); ultraviolet (UV) irradiation

1. Introduction

The microbicidal effects of silver have widely been known and are even apparent at low
concentrations. Silver has antibacterial action against a wide range of species, and its toxicity
to human cells is considerably lower than that toward bacteria [1–5]. Berger et al. [1] reported that
approximately 1 μg/mL of silver ions is effective for suppressing the growth of many types of bacteria,
including Escherichia coli (E. coli), Staphylococci, Providencia, Serratia, and Pseudomonas aeruginosa.
Ip et al. [2] demonstrated that several silver ion-containing vulneraries covering materials exhibited
antibacterial activity against methicillin-resistant Staphylococcus aureus. Although the details of the
mechanism by which silver produces its antibacterial activity remains largely unknown, the production
of silver ions is thought to be one of the main factors [6]. Silver ions react with enzymes that require thiol
(–SH) groups for the cysteine residue of their active sites; such enzymes are succinate dehydrogenase
and nicotinamide adenine dinucleotide (NADH)-cytochrome b, which inhibit the metabolic pathways
needed for the survival of bacteria [7].

“Nano” metallic particles are defined as those with sized 1 to 100 nm [8]. Metallic nanoparticles
exhibit a size-specific property known as surface plasmon resonance (SPR) [9]. Due to their lager surface
area, silver nanoparticles (AgNPs) enable the continuous release of silver ions at low concentrations,
producing antibacterial action against a wide range of species [10]. Recently, AgNPs have also
been shown to have antiviral activity. The size of the AgNPs is essential to their antiviral effects,
as AgNPs act on the surface of the virus and physically inhibit contact with host cells [11–13].
Lara et al. [14] demonstrated that AgNPs of less than 10 nm preferentially adsorb the envelope of
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human immunodeficiency virus-1 (HIV-1) and prevent the viral infection of host cells. Gaikwad et al. [15]
reported that AgNPs of 7–20 nm exhibited antiviral effects against herpes simplex virus types 1 and 2,
and human parainfluenza virus type 3.

We previously reported on the possibility of using AgNPs to prevent infection of healthcare
workers [16]. In this report, we describe a novel, convenient method for the synthesis of AgNPs of
controlled size and demonstrate that chitin or chitosan-based materials act as excellent stabilizers of the
AgNPs [17–19]. These composite materials, when coated with AgNPs, can exhibit strong microbicidal
activity [20] and virus inactivation activity against the influenza A virus subtype H1N1 [21]. In addition
to generating free silver ions, it has been suggested that AgNPs may yield reactive oxygen species
(ROS), leading to oxidative stress [22]. Thus, the AgNPs could be widely used as antibacterial and
antiviral materials in a variety of fields using clothing (doctor and nurse uniforms, security protection
coats, masks, and counter cloths), plastics (gloves), and papers. We suggest that AgNPs may be
valuable materials, owing to their bactericidal activity, when the levels of ROS produced from AgNPs
are well-controlled.

Metal nanoparticles, including AgNPs, exhibit a property known as SPR. The absorption and
scattering of light by AgNPs is highly efficient. The excitation of metal atoms on a metal surface
stimulated by photons with a specific wavelength causes a collective oscillation of conduction electrons.
SPR-based absorption spectroscopy depends on the size, shape, and composition of the metal surface,
and on changes in response to alterations of the metal surface [23]. This approach can be applied to
the detection of structural changes caused by the adsorption of substances onto metals, and several
biosensing devices employ this principle. In this study, we investigated the generation of radicals
following ultraviolet (UV) irradiation of AgNPs and the effect of the generated radicals as bactericides.
Taking this phenomenon as a hint, we hypothesized that radicals are generated when AgNPs are
irradiated with specific wavelengths of UV radiation that cause rapid oscillations in electron density
and collisions in subsequent low-energy ion atoms.

2. Results and Discussion

2.1. UV Irradiation-Induced Generation of Radicals

The silver nanoparticles used in this study were prepared using a method we previously
reported [20]. The resulting AgNPs exhibited a maximum absorption at 390 nm (Figure 1), which
concurs with a previous report [17–19], and particle sizes were ~5 nm [17–19,24]. To produce UV
radiation, we used a universal handy-type UV lamp frequently employed for the detection of ethidium
bromide-stained DNA in agarose gel electrophoresis. The UV that the lamp was able to generate has a
wavelength of 365 nm, putting it in the range of UVA (320 to 400 nm), which is safer than other types
of UV radiation (i.e., UVC and UVB). UVB (280 to 320 nm) can cause a variety of damaging effects in
various biological cells, whereas UVC (200 to 280 nm) is very hazardous to most organisms [25,26].
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Figure 1. UV–Vis spectra of silver nanoparticles (AgNPs) used in this study. UV–Vis spectra from
AgNPs in suspension peaked at 390 nm, which is considered as a representative pattern of the spherical
AgNPs [17–19].

We first examined whether hydroxyl radicals are generated when a solution containing AgNPs
is subjected to UV irradiation. Hydroxyl radicals were detected when a UV-irradiated solution
was subjected to an electron paramagnetic resonance (EPR) analysis (Figure 2A). We measured the
amounts of hydroxyl radicals in solutions of AgNPs by varying the time of UV irradiation from 0 to
30 min. The presence of hydroxyl radicals was discernible after adding AgNPs to Dulbecco’s modified
phosphate-buffered saline without Ca2+ and Mg2+, pH 7.2 (PBS) (“0 min required for UV irradiation”
in Figure 2B). Similar observations were made by Zhang et al. [27], who detected the presence of
oxidative stress in natural samples, observing small amounts of hydroxyl radicals in aqueous AgNPs
solutions. We observed UV irradiation-mediated enhanced production of hydroxyl radicals from
AgNPs. The proportion of hydroxyl radicals increased as UV irradiation continued for up to 1 min and
subsequently plateaued (Figure 2B). The amounts of hydroxyl radicals generated by UV irradiation for
1 and 3 min did not differ significantly. The lifespan of hydroxyl radicals generated was very short,
at around 30 s (Figure 2C).

There are several possible mechanisms underlying the generation of hydroxyl radicals induced
by UV irradiation of AgNPs. An SPR-mediated collective oscillation of conduction electrons may be
generated on the surface of UV-irradiated AgNPs, leading to local generation of an enhanced electric
field. Homolytic cleavage, a process in which the covalent bonds of water surrounding AgNPs are
broken, may occur in response to the collective oscillation of conduction electrons, resulting in the
generation of unpaired electrons as well as radicals. Unfortunately, the current results do not support
this hypothesis, and further analysis is required to elucidate the mechanism of action.

As described in the Introduction, some reports claim that AgNPs yield ROS, which act as oxidative
stressors to kill various types of bacteria [28–31]. However, these reports appear to rely on the
indirect action of Ag, in which antibacterial activity might be elicited through oxidized peripheral
substances or modified materials. Electron paramagnetic resonance spectroscopy is considered one of
the standard methods for the quantification of ROS; however, the equipment is very expensive [32].
To our knowledge, there has only been one report indicating that this equipment is useful to detect
radicals [27]. In this study, we demonstrated the usefulness of an EPR spectroscopy-based direct
detection approach. Our present study differs from the experiments of Zhang et al. [27], who explored
the mechanism by which ROS exerts microbicidal activity. We observed a 1.7-fold enhanced production
of hydroxyl radicals when AgNPs were irradiated for 0.5 min, and 4.5-fold enhanced production when
AgNPs were UV-irradiated for 1 min (Figure 2B). The increased levels of hydroxyl radicals should
reflect enhanced microbicidal activity of AgNPs.
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Figure 2. Detection of hydroxyl radicals from UV-irradiated AgNPs using electron paramagnetic
resonance (EPR) spectroscopy for the detection of radicals. (A) Raw data obtained from AgNPs
UV-irradiated for 0, 0.5, 1, 3, or 30 min. In “UV for 0 min”, a very weak peak for hydroxyl radicals is
apparent. Four peaks for hydroxyl radicals, indicated by arrows, are discernible in the UV-irradiation
groups. (B) Evaluation of the amount of hydroxy radicals produced after UV irradiation of AgNPs. The
amount of hydroxyl radicals was determined using software solution (Xenon) provided by the Bruker
Corporation, from the raw data shown in A. There is no significant difference between “UV for 1 min”
and “UV for 3 min”. Experiments were repeated three times on different days. (C) Time-dependent
decrease in the amounts of hydroxyl radicals generated after “UV for 1 min” at 30 s and thereafter the
amount of hydroxyl radicals decreases rapidly.
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2.2. Antibacterial Activity of UV-Irradiated AgNPs

We investigated whether UV-irradiated AgNPs inhibit the survival of the bacterium E. coli.
Experiments were carried out using two approaches: In the first set of experiments, solutions
containing AgNPs were UV-irradiated, and then mixed with E. coli prior to seeding onto agar plates
(Figure 3). In the second approach, agar plates that had their surface coated with AgNPs were irradiated
with UV and plated with E. coil (Figure 4).

In the first approach, PBS or PBS-containing AgNPs (PBS/AgNPs) was subjected to UV irradiation
for 0, 1, or 3 min, after which, each solution was mixed with E. coli prior to plating onto agar plates.
After overnight incubation at 37 ◦C, the number of E. coli colonies growing on plates coated with
the AgNPs, which had been UV-irradiated for 1 min (Figure 3A-e,B), was significantly lower than
that of untreated E. coli colonies (“UV irradiation for 1 min” in Figure 3A-b,B). Similar results were
observed when UV irradiation was performed for 3 min (“UV irradiation for 3 min” in Figure 3A-f,B).
The number of E. coli colonies grown in the “AgNPs” group that had not been irradiated was lower
than that of those grown in the “PBS” group (PBS vs. AgNPs in Figure 3A-a,d,B). When E. coli were
grown on plates coated with PBS, the number of E. coli colonies was not significantly different, even
after UV irradiation for 3 min (Figure 3A-a–c,B). These results indicate that the antibacterial effects of
AgNPs were significantly enhanced after exposure to UV for 1 min. This experimental system was
modeled on sterilization by spraying chemicals. In this context, radicals generated from AgNPs after
UV irradiation could be an alternative to the use of chemicals.

In the second approach, in an experimental group designated as “AgNPs/UV”, E. coli were first
plated onto agar plate surfaces pre-coated with AgNPs, after which the surfaces were subjected to UV
exposure for 1 min (“AgNPs/UV” group). As controls, E. coli were first plated onto agar plate surfaces
pre-coated with PBS, after which the surfaces were subjected to UV exposure for 1 min (the “PBS/UV”
group) or were not UV-irradiated (the “PBS” group). As an additional control, E. coli were plated onto
agar plates pre-coated with AgNPs, which were not subsequently UV-irradiated (“AgNPs” group).
In the AgNPs/UV group, the growth of E. coli was suppressed (Figure 4A-a) compared with that of
E. coli colonies in the other groups (a vs. c and d in Figure 4A,B). There were statistical differences
between the PBS and AgNPs/UV groups (P = 0.0009) and between the PBS/UV and AgNPs/UV groups
(P = 0.002) (Figure 4B). Additionally, as in the first experiment, the number of E. coli colonies in the
AgNPs was lower than that of “PBS” group (P = 0.009; b vs. d in Figure 4A,B). These results suggest that
the generation of radicals from AgNPs is accelerated after UV irradiation, leading to increased toxicity
against E. coli. In this study, AgNPs were transiently kept under dry conditions, which was different
from the situation in the first approach. As bacteria live in an environment enriched with water, the
radicals provided by AgNPs might affect their survival. Alternatively, the survival of bacteria may
be influenced by direct contact with AgNPs in the absence of water. In any event, complex materials
coated with AgNPs can bring effective bactericidal effects.

Our results indicate that UV irradiation of materials coated with AgNPs produces increased
antibacterial activity. The UV radiation used in this study was produced by a universal handy-type
UV lamp capable of generating UV of 365 nm, which is within the range of UVA (320 to 400 nm) and is
safer than other types of rays such as UVC (200 to 280 nm). UVC is highly biotoxic, in addition to its
strong bactericidal action. In contrast, UVA is not only known to be involved in reducing skin elasticity
and promoting aging, but also facilitates the exchange of intracellular substances, leading to promotion
of cell’s metabolism [26]. Ninety-nine percent of UV rays reaching the earth’s surface from the sun are
UVA. This is advantageous, especially when people wearing AgNP-coated protective clothing and
medical masks continue to work outside without removing the clothes or masks, because their sterility
can be maintained. This UV-enhanced AgNP-based microbicidal system is also useful for protecting
against infection in case of occasional unintended contact when healthcare workers change clothes.

51



Int. J. Mol. Sci. 2020, 21, 3204

Figure 3. Bactericidal effects of UV-irradiated AgNPs on the survival of E. coli. (A) Appearance of
E. coli colonies on agar plates after overnight incubation at 37 ◦C. Aqueous solutions of PBS or solutions
containing AgNPs were subjected to UV irradiation for 0, 1, or 3 min, then each solution was mixed
with E. coli prior to plating on agar plates. (B) Quantitation of colony numbers in each group. In the
control PBS groups, shown as white columns, there was no difference in the survival of E. coli with
or without UV irradiation. In the experimental groups, shown as gray columns, there was a slight
decrease in the number of colonies after incubation with non-UV-irradiated AgNPs (designated as “UV
for 0 min”). A significant decrease in the number of colonies was observed when E. coli were incubated
with AgNPs UV-irradiated for one or three min, designated as “UV for 1 min” and “UV for 3 min”,
respectively. Experiments were repeated three times on different days.
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Figure 4. Bactericidal effects of hydroxyl radicals generated in situ on the survival of E. coli.
(A) Appearance of E. coli colonies on agar plates after overnight incubation at 37 ◦C. A solution
containing AgNPs was plated onto the surface of agar plates. Then, E. coli were seeded onto the surface
of agar plates pre-coated with AgNPs, and the surface was subjected to UV exposure for one min
(designated as “AgNPs/UV”) or were not irradiated (designated as “AgNPs”). Alternatively, E. coli were
plated onto non-coated agar plates, and then the surfaces were either subjected to UV exposure for one
min (designated as “PBS/UV”) or were not irradiated (designated as “PBS”). (B) Quantitation of colony
numbers in each group. The presence of AgNPs reduced the number of E. coli colonies. The growth of
E. coli was significantly suppressed when a plate was UV-irradiated for one min. Experiments were
repeated three times on different days.

3. Materials and Methods

3.1. Preparation of AgNPs

A suspension of AgNPs (approximately 5 nm, 10 ng/μL, and pH7.2) was prepared as previously
described [20,24]. One gram of silver-containing glass powder was dispersed in 100 mL of an aqueous
solution of 0.8 wt% glucose in a 500 mL glass vial. The mixture was autoclaved at 121 ◦C at 200 kPa for
20 min, and then gradually cool to room temperature (~25 ◦C). The mixture was then centrifuged at
1500 rpm for 10 min at 25 ◦C, and the AgNPs were collected from the supernatant. To confirm the
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existence of the AgNPs, UV–Vis spectrometer analysis was performed. The AgNPs were stored in the
dark at 4 ◦C.

3.2. Measurement of Radicals from UV-Irradiated AgNPs

Fifty microliters (10 ng/μL) of the AgNPs was subjected to UV (365 nm) irradiation for 0.5, 1,
3, or 30 min. UV irradiation was performed using a Handheld UV Lamp (UVGL-58; Analytik Jena,
CA, USA), which is generally used for the detection of DNA. After irradiation with UV, 10 μL of
radical trapping reagent 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (#LM-2110; Dojindo Laboratories,
Kumamoto, Japan) was added to each sample followed by gentle mixing. Subsequently, the mixture
was transferred to a 50 μL calibrated pipet (#2-000-050; Drummond Scientific Company, Pennsylvania,
USA) and analyzed using a benchtop EPR (EMX-nano, Bruker Corporation, Massachusetts, USA)
together with its proprietary software solution (Xenon). In this study, all experiments were performed
in the same area where there was no external light.

3.3. Bactericidal Activity of UV-Irradiated AgNPs

The bactericidal activity of the UV-irradiated AgNPs was evaluated as previously reported [18],
with a few modifications. E. coli (DH5; Takara Bio Inc., Shiga, Japan) were pre-cultured in 2 mL of
LB medium and grown at 37 ◦C for 6 h until reaching an optical density at 600 nm (OD600) of 0.260.
The E. coli cultures were diluted ten-fold with LB broth, and 100μL of the diluted E. coli suspension
was used in each study.

To examine the system that generates radicals in an aqueous solution from AgNPs and then
sterilizes E. coli with the radicals, 30 μL of AgNP solution was irradiated using UV at a wavelength of
365 nm for either 1 or 3 min, then added immediately to the diluted E. coli suspensions. After 1 min,
the mixture was plated onto agar plates and subsequently cultured overnight in a 37 ◦C incubator.

To investigate the bactericidal effect of the AgNP-coated plates on E. coli, 100 μL of AgNPs was
plated on agar and left to air dry for 5 min at room temperature (~25 ◦C). The diluted E. coli suspension
was then plated on agar and subjected to UV irradiation with a wavelength of 365 nm for 1 min.
The culture plate was then incubated overnight at 37 ◦C.

After incubation, the plates were photographed (Cyber-shot; SONY Corp., Tokyo, Japan) and
the number of colonies per square centimeter was counted. Bactericidal activity was evaluated from
the number of colonies. As a control, PBS solution was used instead of AgNPs. The treatment with
AgNPs after sterilization using an autoclave was performed on a clean bench. Aseptic conditions were
stringently maintained during the plating of E. coli onto agar plates.

3.4. Statistical Analysis

The amount of hydroxyl radicals and the number of colonies in each examination are presented as
mean ± standard deviation. Statistical analysis was performed using an unpaired t-test and one-way
factorial analysis of variance. Scheffe’s post hoc test was used for multiple comparisons. The p-values
were calculated using the JMP14 for Windows software (SAS Institute Inc., North Carolina, USA).
A p-value of less than 0.05 was considered to indicate statistical significance. Values of p less than 0.001
are marked with a double asterisk those less than 0.05 with a single asterisk.

4. Conclusions

AgNPs have been shown to have bactericidal action. In this study, we demonstrated that UV
irradiation of AgNPs is effective at enhancing their activity. This bactericidal effect is attributable
to the UV irradiation-mediated enhanced production of highly reactive hydroxyl radicals generated
from AgNPs. The method of UV irradiation is very simple. The UV radiation used in this study
was UVA, which is safer for humans than UVC rays and has stronger bactericidal activity. Although
challenges persist regarding the effects of AgNPs on human health and the elucidation of the molecular
mechanisms underlying the generation of radicals, our findings would contribute to the development of
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medical materials for further protection against infection. For the practical use of AgNPs, investigating
the effects of particle size, formulation, and the stabilizers (added for preventing aggregation of particles)
on the behavior of nanometals might be important. Furthermore, if the behavior of nanometals is
associated with SPR, the efficiency for radical generation may increase by changing the wavelength
of the UV. Biosafety issues and environmental safety concerning AgNPs have also been a subject for
discussion [22,33]. These concerns must be carefully addressed before putting AgNPs to practical
use. Hydroxyl radicals, renowned as powerful oxidizing agents, are likely to be effective against
viruses, bacteria, and in the degradation of chemicals. Therefore, our system may be valuable for the
protection of healthcare workers from infection with pathogens such as COVID-19 and SARS, and in
the prevention of outbreaks of similar diseases.
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Abbreviations

AgNPs silver nanoparticles
COVID-19 coronavirus disease 2019
DMPO 5,5-dimethyl-1-pyrroline N-oxide
E. coli Escherichia coli
EPR electron paramagnetic resonance
HIV-1 human immunodeficiency virus-1
HSV herpes simplex virus
MRSA methicillin-resistant Staphylococcus aureus
NADH nicotinamide adenine dinucleotide
PBS Dulbecco’s modified phosphate-buffered saline without Ca2+ and Mg2+, pH 7.2
ROS reactive oxygen species
SARS severe acute respiratory syndrome
SPR surface plasmon resonance
UV ultraviolet
UVA ultraviolet A (320 to 400 nm)
UVB ultraviolet B (280 to 320 nm)
UVC ultraviolet C (200 to 280 nm)
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Abstract: In this work, we prepared silver nanowires (AgNWs) via the polyol method in the presence
or absence of single wall carbon nanotubes (CNTs) and tested their physicochemical, antibacterial
and cytotoxic properties. Results showed that the introduction of CNTs lead to the formation of
AgNWs at lower temperature, but the final product characteristics of AgNWs and AgNWs-CNT
were not significantly different. AgNWs exhibited antibacterial properties against all the studied
bacterial species via the formation of oxygen reactive species (ROS) and membrane damage.
Furthermore, AgNWs exhibited a dose-dependent and time-dependent toxicity at concentrations ≥
10 μg/mL. Fibroblasts appeared to be more resistant than human colorectal adenocarcinoma (Caco-2)
and osteoblasts to the toxicity of AgNWs. The cytotoxicity of AgNWs was found to be related to
the formation of ROS, but not to membrane damage. Overall, these results suggest that AgNWs are
potential antibacterial agents against E. coli, S. aureus, MRSA and S. saprophyticus, but their dosage
needs to be adjusted according to the route of administration.

Keywords: silver nanowires; nanomaterials; biocompatibility

1. Introduction

Silver has been known for centuries for its antimicrobial properties against a wide range of
microorganisms. In the 1980s the first findings on the unique properties of nanoparticles (NPs) were
published, researchers started to investigate novel applications for silver nanomaterials in electronic,
optical and biomedical fields. In order to satisfy specific needs, several morphologies have been
developed, including silver nanospheres, nanocubes, nanorods, nanotriangles and nanowires.

Silver nanowires (AgNWs) are one-dimensional silver structures and are currently being intensively
studied for thermal and electronic applications due to their excellent conductive properties [1–3].
Despite the fact that the antibacterial and cytotoxic properties of other silver nanoparticles have been
widely explored [4–8] and medical devices loaded with silver nanopoarticles have been developed,
research on AgNW antibacterial properties, mechanisms of action and possible biomedical applications
is still scarce [9]. So far we know that AgNWs are potential antibacterial agents against E. coli
and S. aureus, but we know little about how they exert their action. Visnapuu et al., for instance,
stated that the toxicity of AgNWs against E. coli was due to dissolved Ag+ ions rather than to
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a direct effect of the silver nanostructures [10]. Cui and Liu, instead, highlighted that E. coli is more
sensitive than S. aureus to the action of AgNWs, determining their toxicity was a consequence of both
AgNW-induced bacterial disruption and the induction of ROS generation [11].

In the development of AgNWs containing commercial products, we must be considerate of the fact
that nanowires can be released into the environment during manufacturing, use or disposal; thus, there
is a compelling need to understand the short- and long-term toxicity of these materials in humans [12].
Other high-aspect ratio materials, such as asbestos or carbon nanotubes, have indeed been shown to
be actively absorbed into eukaryotic cells, causing different types of damage [13]. As the respiratory
route is one of the major access routes linked to occupational exposure to AgNWs, the majority of
studies have so far focused on the possible damages through this route. Schinwald et al. found that
AgNWs longer than ≥14 μm or ≥ 5 μm were able to induce pleural inflammation, in vivo and in vitro,
respectively [14]. Further studies have also highlighted that AgNWs can enter and accumulate in
epithelial cells, interstitial sites, airway smooth muscle cells, the vascular endothelium, the pleural
membrane and macrophages. Stoehr et al. compared the cytotoxicity of AgNWs (length: 1.5–25 μm;
diameter 100–160 nm) and Ag nanospheres (30 nm) against human alveolar epithelial cells (A549),
finding that whereas no effects were observed for the spherical particles, significantly reduced cell
viability and increased LDH release were induced by AgNWs [15]. A recent review on the safety of
nanosilver has highlighted that, at the nanoscale, silver nanowires are safer than silver nanoparticles
due to their hindered cellular uptake [16].

In light of this diverse evidence, and in particular, the results considering different routes of
administration, this study aimed to investigate the in vitro antibacterial properties of AgNWs obtained
via two synthetic methods (soft template and heterogeneous method) tested against E. coli, S. aureus,
MRSA and S. saprophyticus. Moreover, the internalization, cytotoxicity and possible mechanisms of
action of AgNWs against human osteoblasts (hFOB 1.19), human skin fibroblasts (Hs27) and human
colorectal adenocarcinoma (Caco-2) were studied in order to assess future potential applications such
as inclusion in bone implants or in wound dressings for skin and mucosa.

2. Results

2.1. AgNW Physicochemical Characterisation

2.1.1. UV-vis and TEM Characterization

AgNWs were synthesized via the polyol method using PVP as a soft template, and AgNWs-CNT
were synthesized with the same method in the presence of carbon nanotubes (CNTs) in order to evaluate
whether the addition of CNTs influenced the morphological, physical and biological properties of
the AgNWs. AgNWs-CNT-mix (physical mixture of AgNWs and CNTs) was used as a control to
investigate whether any potential difference between AgNWs in AgNWs-CNT was due to the mere
presence of CNTs or if they had an effect when introduced in the synthetic procedure. The UV-Vis
spectra of AgNWs and AgNWs-CNT at low temperatures showed a peak at 410 nm, indicative
of the formation of nucleation sites with the initial presence of silver nanoparticles and nanorods
(Figure 1A–B). A shift towards lower wavenumbers and the formation of a double peak (350 and 380 nm)
were observed as the temperature increased, indicating the formation of longer structures such
as nanowires [17]. The shift was observed at lower temperatures when the synthesis of AgNWs
was performed in the presence of CNTs; this could be due to the excellent heat conductivity of
CNTs that can affect the reaction kinetics. Nanoparticles were also observed by TEM (Figure 1C–F);
images confirmed the successful formation of AgNWs under both synthetic conditions. However,
in both cases, other types of nanoparticles, such as nanospheres and nanorods, were visualized.
Moreover, the amount of CNTs found in AgNWs-CNT appeared significantly inferior to that in
the AgNWs-CNT-mix. Interestingly, in both AgNWs-CNT and AgNWs-CNT-mix samples, the smaller
particles tended to align along the surface of CNTs (Figure 1G–H). A size analysis was performed
based on SEM images (Figures S1 and S2); average lengths were 5.23 μm (± 1.5), 5.21 μm (± 2.7)
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and 5.04 μm (± 1.7), for AgNWs, AgNWs-CNT and AgNWs-CNT-mix, respectively. Average diameters
were 73.70 nm (± 25.79), 67.04 nm (± 25.23) and 68.54 nm (± 17.47) for AgNWs, AgNWs-CNT
and AgNWs-CNT-mix, respectively. One-way ANOVA showed no significant difference in lengths
and diameters across all three materials (p > 0.05).

Figure 1. Physicochemical characterization of synthesized products. UV-spectra of (A) AgNWs and (B)
of AgNWs-CNT at different temperatures during the synthesis reaction. TEM images of (C) AgNWs
(scale bar 500 nm), (D) AgNWs-CNT (scale bar 500 nm), (E) AgNWs-CNT-mix (scale bar 500 nm)
and (F) CNTs (scale bar 500 nm). (G) Silver release from AgNWs, AgNWs-CNT and AgNWs-CNT-mix
measured by ICP-OES and expressed as wt/wt%. (H) Silver contents measured by ICP-OES in AgNWs,
AgNWs-CNT and AgNWs-CNT-mix (n = 3). One-way ANOVA returned p < 0.05; Post-hoc Tukey’s
multicomparison test, *** p = 0.001 when comparing all the formulations to AgNWs, and $$$ p = 0.003
when comparing AgNWs-CNT to AgNWs-CNT-mix.

2.1.2. Total Silver Content and Ag+ Release

The total Ag content in each of the products and the cumulative Ag+ released over time were
determined. The total silver content found in AgNWs (97.33 ± 1.14 wt/wt%) was higher than that
in AgNWs-CNT (89.11 ± 1.25 wt/wt%), but not significantly different (one-way ANOVA, p > 0.05,
Figure 1H); this explains the observation of only a few CNTs in the TEM images (Figure 1C–E).
The amount of Ag in AgNWs-CNT-mix was significantly inferior to the other two batches (35.27 ± 5.33
wt/wt%) (p< 0.001), as expected. The release of Ag+ from AgNWs, AgNWs-CNT and AgNWs-CNT-mix
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(Figure 1G) started immediately in the aqueous solution and its concentration increased over time.
After 30 min, the concentration of Ag+ in suspension was ca. 0.31 ± 0.04 ppm from AgNWs, 0.22 ± 0.17
ppm from AgNWs-CNT and 0.09 ± 0.02 ppm from AgNWs-CNT-mix. After 2 days, the percentage of
Ag+ released was of ca. 0.32 wt/wt% from AgNWs, 0.23 wt/wt% from AgNWs-CNT and 0.71 wt/wt%
from AgNWs-CNT-mix (one-way ANOVA p > 0.05), corresponding to 1.15 ± 0.39, 0.95 ± 0.53 and 0.92
± 0.81 ppm, respectively.

2.1.3. XRD, Photoluminescence and ζ-Potential Analyses

The X-ray diffraction (XRD) pattern of AgNWs (Figure 2A) corresponds to the structure of metallic
silver; in particular, the sharp peaks at 2θ values of 38.1◦, 44.3◦, 64.4◦ and 77.3◦ refer to the reticular
planes (111), (200), (220) and (311), and are typical of AgNWs [18]. Furthermore, the (111)/(200) peak
ratio was 3.7, indicating the formation of well-elongated AgNWs [19]. Minimal trace impurity of AgCl
can be seen at a 2θ value of 32.1◦ and 46.2◦ [20].

Figure 2. XRD pattern and fluorescence spectra. (A) XRD pattern of AgNWs (pink) and AgNWs-CNT
(blue); red bars: Ag, PDF No. 04-0783; blue bars: AgCl, PDF n. 31-1238. (B) XRD pattern of AgNWs
(violet), AgNWs-CNT-mix (black) and CNTs (green). (C) The emission fluorescence peaks of AgNWs
(red), AgNWs-CNT-mix (black), CNTs (grey) and water (blue). (D) Fluorescence microscope image
of AgNWs-CNT in water; the white arrow indicates AgNWs, and the yellow arrow indicates CNTs
(scale bar 200 μm).

Superimposed patterns of AgNWs and AgNWs-CNT confirmed that the two synthetic processes
led to similar products. The (111)/(200) intensity ratio of AgNWs-CNT was 3.2. The XRD profile of
CNTs (Figure 2B) showed broad peaks at 2θ angles of ≈26◦, ≈43◦ and ≈57◦, corresponding to the (002)
plane of graphite and to the (111) and (200) reflections of carbon, respectively [21]; these peaks also
featured in AgNWs-CNTs-mix. The (111)/(200) intensity ratio of AgNWs-CNT-mix was found to be
3.2, similar to AgNWs-CNT. The fluorescence emission of AgNWs, AgNWs-CNT and CNTs aqueous
solutions was also investigated. Excitation at wavelengths between 390 and 400 nm led to fluorescence
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emission between 450 and 600 nm with lambda maxima at 465 nm, corresponding to the blue-green
emitting region. The luminescence emission from silver clusters and silver nanoparticles of different
dimensions has previously been described [22,23], but not entirely understood. This phenomenon
could be related to the number and position of surface plasmon resonance (SPR), which in turn depends
on the size and shape of silver clusters.

Surface zeta potential (ζ) was found to be negative for all the preparations (AgNWs −12.43 ±
1.23 mV; AgNWs-CNT −18.24 ± 5.92 mV; AgNWs-CNT-mix −19.8 ± 7.66 mV); the values indicated
that electrostatically stable suspensions cannot be obtained in water without the use of a suspending
agent [10].

2.2. Antibacterial Properties

2.2.1. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)

The potential bacteriostatic and bactericidal activities of the synthesized materials were tested
against four different bacterial species: E. coli, S. aureus, MRSA and S. saprophyticus. In order to
compare the activity of AgNWs, AgNWs-CNT, AgNWs-CNT-mix and ionic silver (as AgNO3), the MIC
and MBC values obtained were normalized to the amount of Ag present in each material.

All studied materials inhibited or stopped cell growth within the tested concentration range,
except for single-wall carbon nanotubes-COOH (tested as control), which did not show any antibacterial
response (Table 1). All preparations were less efficient than AgNO3 in both inhibiting cell growth and in
promoting cell death apart from S. saprophyticus that was highly sensitive to all treatments. Normalized
MIC and MBC values of AgNWs, AgNWs-CNT and AgNWs-CNT-mix were not statistically different
from each other (p > 0.05) against all the different bacterial species; only S. aureus AgNWs-CNT-mix
showed a lower efficacy (p < 0.001). Overall, S. saprophyticus was found to be the most sensitive strain
against silver nanowires, whereas MRSA was the most resistant. The MIC values found in this study
for E. coli and S. aureus were higher than those reported by Cui and Liu for AgNWs (28 and 35 μg/mL
to E. coli and S. aureus, respectively) [11] and Hong et al. (> 100 μg/mL against E. coli) [24]; this can be
explained considering the differences in initial bacterial density, nanowire dimensions and methods
adopted for the MIC and MBC determination [25].

2.2.2. Bacterial Growth Kinetics

In order to study how the bacterial growth kinetics were influenced by different concentrations of
studied materials, growth was followed by measuring OD.600nm in LB medium (Figure 3, Figures S3
and S4). Seemingly for MIC and MBC studies, CNTs did not appear to influence bacterial growth
kinetics (Figure S3). AgNWs affected both the lag phase (100 μg/mL, p < 0.05) and the time to
reach the stationary phase (50 μg/mL, p < 0.05) of E. coli (Figure 3A and Figure S5). MRSA showed
a significantly longer lag phase than the control only in the presence of AgNWs 100 μg/mL (p < 0.01)
but no effect on the time to reach the stationary phase (Figure 3E and Figure S5). S. aureus (Figure 3C)
was more sensitive than MRSA and E. coli to the action of AgNWs: all the tested concentrations,
except for 12.5 μg/mL, produced longer lag phases (25 μg/mL p < 0.001; 50 and 100 μg/mL p < 0.0001).
The time to reach the stationary phase was statistically longer for concentrations equal to or higher
than 50 μg/mL (p < 0.05). The lag phase duration of S. saprophyticus (Figure 3G and Figure S5) was
increased for the two lowest concentrations (12.5 μg/mL p < 0.01 and 25 μg/mL p < 0.05), whereas no
growth was found for the higher concentrations of nanowires, and the time to reach the stationary
phase was significantly longer even for the lowest tested concentration. E. coli was more sensitive to
AgNWs-CNT (Figure 3A and Figure S5) than AgNWs: its lag phase (12.5 μg/mL, p < 0.05, whereas
25, 50 and 100 μg/mL had a p < 0.0001) and the time to reach stationary phase were also significantly
longer for the lowest concentration. Seemingly, S. aureus (Figure 3D) was more sensitive to the action
of AgNWs-CNT than AgNWs with decreased growth at all concentrations tested and no growth
at the highest concentration. No difference in the time to reach the stationary phase was found for
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concentrations 12.5 and 25 μg/mL in comparison to the control (Figure S5). MRSA (Figure 3F) growth
was affected by AgNWs-CNT at all concentrations. No effect on the time to reach the stationary phase
was observed. S. saprophyticus lag phase (Figure 3H and Figure S5) was affected for the two lowest
concentrations (p < 0.05), and no growth was observed for the higher concentrations. The time to reach
the stationary phase of S. saprophyticus was statistically longer for the 25 μg/mL concentration than
for the control. For all the studied nanowires and bacterial strains, whenever the stationary phase
was reached, no statistical difference in OD values was found among treated and untreated bacteria
(Figure S5). The ability of AgNWs to retard cell growth was further demonstrated by fluorescence
imaging (Figure S6).

Table 1. MIC and MBC values (mg/mL) for AgNWs, AgNWs-CNT, AgNWs-CNT-mix, AgNO3

and CNTs. Data are reported as the mean ± SD (n ≥ 3). One-way ANOVA results are reported in
the table. The post hoc Tukey multiple comparisons test results are shown with *when compared
to Ag+ and with $when compared to AgNW-CNT-mix. *,$ p < 0.05; **,$$ p < 0.01, ***,$$$ p < 0.001
and ****,$$$$ p < 0.0001.

Microorganism Material MIC (mg/mL) MBC (mg/mL) MBC/MIC

E. coli
Anova

MIC p < 0.0001
MBC p < 0.0001

AgNWs 0.42 ± 0.26 * 1.16 ± 0.27 $$ 2.8

AgNWs-CNT 0.53 ± 0.54 *$$$ 1.38 ± 0.55 *** 2.6

AgNWs-CNT-mix 0.49 ± 0.07 *** 0.99 ± 0.16 *** 2.0

AgNO3 0.01 ± 0.00 0.17 ± 0.05 17

CNTs > 3.00 > 3.00 -

S. aureus
Anova

MIC p < 0.0001
MBC p < 0.05

AgNWs 0.36 ± 0.24 $$$ 1.55 ± 0.63 4.3

AgNWs-CNT 0.28 ± 0.24 $$$ 1.05 ± 0.80 2.9

AgNWs-CNT-mix 0.44 ± 0.12 0.77 ± 0.16** 1.8

AgNO3 0.01 ± 0.00 $$$ 0.1 ± 0.00 10

CNTs > 3.00 > 3.00 -

MRSA
Anova

MIC p < 0.01
MBC p < 0.0001

AgNWs 1.07 ± 0.40 * 2.53 ± 0.53 **** 2.4

AgNWs-CNT 0.85 ± 0.85 * 2.00 ± 0.44 ****$$ 2.4

AgNWs-CNT-mix 0.67 ± 0.14 * > 3.00 **** -

AgNO3 0.01 ± 0.00 0.07 ± 0.05 7

CNTs > 3.00 > 3.00 -

S. saprophyticus
Anova

MIC p < 0.05
n.s.

AgNWs 0.25 ± 0.21 0.66 ± 0.42 2.7

AgNWs-CNT 0.08 ± 0.00 0.72 ± 0.60 9

AgNWs-CNT-mix 0.08 ± 0.06 0.46 ± 0.36 5.8

AgNO3 0.01 ± 0.00 0.01 ± 0.00 1

CNTs > 3.00 > 3.00 -

2.2.3. Leakage of Proteins From Bacteria

Cui and Liu reported that AgNWs could cause the leakage of cytoplasmic contents, such as DNA
and proteins, from E. coli [11]. This phenomenon may be due to several alterations in bacterial
cells, such as the inhibition of the activity of membranous enzymes or DNA damage. In the present
study, a bicinchoninic acid (BCA) assay was used to determine whether AgNWs obtained by the two
methods induced the release of proteins in the extracellular liquid. All the bacterial species tested
showed an increased release of proteins in comparison to the control (Figure 4A–H). Moreover,
this effect was dose-dependent, but no difference was found between 1 or 24 h after treatment,
except for S. saprophyticus. A higher amount of proteins leaked out of E. coli compared to S. aureus
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and MRSA, suggesting that gram-negative bacteria are more sensitive than gram-positive bacteria
to the action of AgNWs on the integrity of the membrane. This is justified by the barrier function
of the thicker peptidoglycan found in gram-positive bacteria and is in agreement with previous
studies [26]. No statistical difference was found between AgNWs and AgNWs-CNT, when comparing
the same concentrations. SEM images confirmed the cell membrane damage caused by AgNWs,
particularly in E. coli (Figure S8).

Figure 3. Growth curves of bacteria with different concentrations of AgNWs (A,C,E,G)
and AgNWs-CNT (B,D,F,H). Results are reported as the mean ± SD (n = 3).
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Figure 4. Absorbance relative to protein release after 1 and 24 h of treatment for E. coli (A,B), S. aureus
(C,D), MRSA (E,F) and S. saprophyticus (G,H) treated with 12.5 or 100 μg/mL of AgNWs or AgNWs-CNT.
Data are presented as the mean ± SD (n = 4). The one-way ANOVA performed on all the samples
showed significantly different releases for both AgNWs and AgNWs-CNT (p < 0.05). Results of
the post-hoc Tukey multicomparison test are shown in the graphs (* indicates p < 0.05, ** indicates
p < 0.01, *** indicates p < 0.001 and **** indicates p < 0.0001).

2.2.4. ROS Generation From Bacteria

Previous studies suggested that oxidative stress plays a crucial role in the mechanism of toxicity
of silver nanoparticles versus bacterial cells. In this work, extracellular ROS production was quantified
24 h after treatment with nanowires (Figure 5A–H). ROS were produced when S. aureus and E. coli were
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treated with all types of metallic nanoparticles in a dose-dependent manner, as previously reported for
other types of AgNPs [27].

MRSA did not show significantly increased ROS generation, similar to S. saprophyticus treated with
AgNWs; but when S. saprophyticus was treated with AgNWs-CNT, there was a statistically significant
increase in ROS at concentrations equal to or higher to 25 μg/mL. On the contrary, AgNWs were found
to produce statistically more ROS than AgNWs-CNT in E. coli and S. aureus (unpaired two tailed t-test
for: a) E. coli: 100 p < 0.05; 12.5 μg/mL, p < 0.01; b) S. aureus: 100 μg/mL, p < 0.05). See Figure S7 for
data obtained for all concentrations tested.

Figure 5. ROS production (% of the control) from bacterial cells, 24 h from treatment. E. coli (A,B),
S. aureus (C,D), MRSA (E,F) and S. saprophyticus (G,H) treated with 12.5 and 100 μg/mL of AgNWs
or AgNWs-CNT. Data are presented as the mean ± SD (n = 3). The one-way ANOVA performed on
all the samples showed significantly different ROS production for both AgNWs and AgNWs-CNT
(p < 0.05) for some of the bacterial strains. Results of the post-hoc Tukey multicomparison test are
shown in the graphs (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 and **** indicates
p < 0.0001).
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2.3. Cytotoxicity Studies

The toxicity of the two types of AgNWs was tested against three cell lines: osteoblasts (hFOB 1.19),
human foreskin fibroblasts (Hs27) and Caco-2 cells (Figure 6A–F). These cell lines were chosen to mimic
three possible routes of exposure such as the application of treatments to bone, skin and the digestive
system, respectively [28]. No signs of acute toxicity were observed, as after 2 h of treatment, no cell
line showed a significant decrease in cell viability (p > 0.05). After 24 h of exposure, fibroblasts were
the more robust cells as their viability did not show a significant decrease with increasing doses of
AgNWs and AgNWs-CNTs. Caco-2 cells were the most sensitive, with a significant decrease in viability
at doses of 25 μg/mL of AgNWs (p < 0.001) and 10 μg/mL of AgNWs-CNTs (p < 0.001).

Figure 6. Cytotoxicity observed in different types of cell lines after 2 and 24 h of treatment. Osteoblasts
(A,B), fibroblasts (C,D), Caco-2 (E,F). Data are presented as the mean± SD (n> 3). The one-way ANOVA
performed on all samples showed significantly different viability for AgNWs and AgNWs-CNT (*
indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 and **** indicates p < 0.0001).

2.3.1. Oxidative Stress in Eukaryotic Cells

Several studies have shown that AgNPs induce the production of ROS in mammalian cells [29,30].
Results of the present study (Figure 7A–F) confirmed that ROS induced by AgNWs and AgNWs-CNT
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are an important factor in promoting toxicity, but once again, the effect is specific to the cell line treated.
Fibroblasts presented the lowest level of ROS produced when treated with AgNWs-CNTs and with
no significant effect when treated with AgNWs. Osteoblasts were the most sensitive to the AgNW
treatment, with a higher level of ROS detected. Caco-2 cells presented a wider range of variability
that caused non-significant differences when compared to the control. CNTs were tested as a control
and induced no significant ROS production in any of the cell lines (Figure S9). Few other studies are
available for AgNWs; Sweeney et al. reported that AgNWs (72 nm × 1.5 μm) could induce a significant
increase in ROS production in human type-I epithelial-like cells (TT1), both after 4 (≥25 μg/mL) and 24 h
treatment (≥ 10 μg/mL) [31].

Figure 7. Time course of ROS production in different cell lines: osteoblasts (A,B), fibroblasts (C,D)
and Caco-2 (E,F) treated with AgNWs or AgNWs-CNT for 15 min. One-way ANOVA returned p < 0.05.
Data are reported as the mean ± SD (n = 3). Results of the post-hoc Tukey multicomparison test are
shown in the graph: *was used to compare 100 with 0 μg/mL (* indicates p < 0.05 and ** indicates
p < 0.01); $ was used to compare 10 with 0 μg/mL ($ indicates p < 0.05 and $$ indicates p < 0.01).

2.3.2. Membrane Damage Evaluation

Membrane integrity was assessed by measuring extracellular lactate dehydrogenase (LDH,
Figure 8). No significant toxicity was observed after 24 h for any of the concentrations tested in
comparison to the spontaneous LDH release (0 μg/mL) (p > 0.05).
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2.3.3. Silver Uptake

Previous studies have reported that AgNWs are taken up and accumulate in different types of
lung cells, such as alveolar type-I and type-II epithelial cells [31]. In our work, we wanted to find out
if AgNWs are also taken up in other cell lines and at which concentration. Cells were treated with
Ag+, AgNWs or AgNWs-CNT for 24 h. Concentrations up to 10 μg/mL were tested as they caused no
relevant differences in toxicity to osteoblasts after 24 h of exposure (Figure 9).

Figure 8. Percentage LDH release from osteoblasts, fibroblasts and Caco-2 after 24 h of exposure
to different concentrations of AgNWs or AgNWs-CNTs. The one-way ANOVA calculated among
the different concentrations of each test did not show statistical differences (p > 0.05). Data are reported
as the mean ± SD (n = 3).

AgNWs were up taken by all cell lines more efficiently than Ag+ (Tukey’s multicomparison
test showed p < 0.0001) and in a concentration-dependent manner. A similar behavior was found
with mammalian kidney cells (Pk15) for silver nanoparticles of different sizes (ca. 13.8–61.2 μm) by
Milic et al. [32]. We hypothesized that as there is no specific transporter for Ag+, it has to compete
for transporters with other ionic species, and the amount of Ag that entered in the cells was inferior

70



Int. J. Mol. Sci. 2020, 21, 2303

in comparison to AgNWs that can enter by endocytosis. Results of ICP-OES were confirmed by
fluorescence microscopy for osteoblasts (Figure 10), where AgNWs accumulated either close to
the membrane (Figure 10F) or within the cytoplasm (Figure 10F–I).

Figure 9. Uptake of silver by (A) osteoblasts, (B) fibroblasts and (C) Caco-2 treated with AgNWs,
AgNWs-CNT and AgNO3. Data are expressed as the mean ± SD (n = 3). One way Anova indicated
at least p< 0.05 for all samples tested apart from AgNO3. Results of the post-hoc Tukey multicomparison
test are shown in the graph (symbol *compared to 0.1 and # compared to 10 μg/mL).

3. Discussion

The present study aimed to investigate both the antibacterial efficacy and the eukaryotic
cytocompatibility of silver nanowires in vitro, as well as to test the effect of silver nanowire composite
materials in combination with carbon nanotubes (based on previous reports of enhanced activity of
silver nanowires combined with graphene) [11]. In this work, AgNWs-CNT-mix (a physical mixture
of AgNWs and CNTs) was used as a control to further investigate the role of CNTs in the synthesis
and properties of the composite material. Silver nanowires were successfully synthesized both in
the presence and in absence of carbon nanotubes using the soft template method, as confirmed by
UV-VIS, XRD and EM imaging. The average size (ca. 70 nm in diameter and 5 μm in length) and silver
content in both materials were similar. In the soft template synthesis of AgNWs, a coordination complex
is formed between silver ions and PVP through donation of lone-pair electrons of oxygen and nitrogen
atoms of PVP to sp orbitals of the metallic silver reduced by glycerol [33]. We hypothesized that
–COOH groups of CNTs can interact with Ag+, forming the first nucleation centers for the growth
of silver nanowires. TEM images supported the theory that nucleation centers form on the surface
of carbon nanotubes and lead to the formation of nanowires along the axis of CNTs. Furthermore,
size and silver content data suggest that whereas CNTs might have played a role in the nucleation
and reduction of heat required in the synthesis (as seen on UV-Vis spectra), they are not chemically
bound to AgNWs, and as a consequence, they are removed during the purification process. The release
of Ag+ from the nanowires was also studied; the silver ion concentration was higher than 0.1 ppb
(minimum effective concentration [34]) already after 30 min, suggesting that these nanomaterials are
potential platforms for Ag+ controlled release for antibacterial purposes. In fact, even though AgNO3
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is a more potent antibacterial agent than AgNWs, free silver ions may not act in the long term, as they
can be easily washed away by physiological fluids, whereas silver nanowires can act as reservoirs
and allow for a sustained release of therapeutic doses [35].

Figure 10. Phalloidin Dylight 550- and DAPI-stained osteoblast cells at 24 h of incubation with AgNWs
(10 and 100 μg/mL). (A,D) and (G): merged images of Phalloidin (staining F-actin) and DAPI (staining
nuclei) of osteoblasts. (B,E) and (H): AgNWs excited at 495 nm and emitting at 519 nm. (C,F) and (I):
merged images of Phalloidin/DAPI/AgNWs. Scale bar 270 μm.

As MIC and MBC values appeared to be similar among AgNWs, AgNWs-CNT
and AgNWs-CNT-mix, we could assume that the three preparations had similar antibacterial properties
(with no effect due to the presence of CNTs). Moreover, as reported by Cavassin et al., in order to
reduce the selection of resistant microorganisms, antimicrobials should present an MBC/MIC ratio
≤4; this was found to be the case with AgNWs against all bacteria tested, apart from S. aureus for
which the value was 4.3 [36]. In our study, we showed that AgNWs had a bactericidal effect against all
the isolates, except for MRSA. The antibacterial activity of AgNWs and AgNWs-CNTs was tested in
suspension, and the growth kinetics of all the bacterial strains tested were affected by the treatment
but in different ways. Similar results were observed by Cui et Liu, who described the influence of
increasing concentrations of AgNWs on E. coli growth [11]. However, whereas they showed growth
inhibition at concentrations higher than 25 μg/mL, in the present study, none of the concentrations
used could inhibit cell growth in the same time frame. Variations in the results can be due to microbial
strains, but also to physicochemical characteristics of the AgNW suspension, for instance, the presence
of PVP [37]. In our study, MRSA was found to be the least sensitive, whereas S. saprophyticus was
the most susceptible. These results indicate that it is not possible to explain the species sensitivity to
silver nanoparticles in terms of bacterial classification (gram-positive and gram-negative), but that there
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are more specific differences among species [37]. MRSA has been previously described as susceptible
to AgNPs, with evident membrane damage shown by TEM images; the damage was attributed to
charge interaction between positively charged nanoparticles and negatively charged peptidoglycan,
and only the smaller particles (dia. < 20 nm) were observed to enter the cells [38]. In the case of AgNWs,
the negative charge and longer length might hinder the interaction with MRSA and reduce efficacy.
In this regard, we previously observed that the combination of AgNWs with the positively charged
polymer chitosan had a synergistic effect on AgNW efficacy against MRSA [39]. The mechanism of
bacterial toxicity was further investigated with a focus on membrane damage and ROS production.
The bacterial toxicity of AgNWs was mainly mediated through oxidative stress, in the case of
E. coli and S. aureus, whereas the ROS levels in MRSA were not significantly changed at the tested
concentrations, supporting the theory that MRSA could present more efficient antioxidant mechanisms
than E. coli and S. aureus. In this regard, Grinholc et al. found that MRSA was more resistant than
S. aureus to photodynamic inactivation, a therapeutic means based on the generation of ROS. The exact
reason for this difference was not identified, but evidence led to excluding that it was related to
the multidrug resistance mechanisms developed by MRSA [40]. When tested on human cell lines,
silver nanowires did not show acute toxicity. A significant decrease in cell viability was observed only
after prolonged treatment, as previously described [41]. This toxicity could be reduced if the silver
nanowires are formulated as part of a device, such as a wound healing dressing or a bone regeneration
scaffold. This was shown by Verma et al., who found that silver nanowire toxicity was greatly reduced
when not tested as free wires but as part of a thin film [41]. No evidence of membrane damage was
observed for any of the cell lines tested. Gliga et al. previously observed that LDH release from human
lung cells (BEAS-2) depended on the dimensions of the AgNPs. Testing particles of 10, 40 and 75 nm,
they found no significant LDH release for the NPs ≥ 40 nm diameter [42]. Thus, we hypothesize that
AgNWs may cause less membrane damage than other AgNPs due to their size. In conclusion, we did
not observe any advantage of the use of carbon nanotubes to form AgNW composites. We confirmed
the potential use of AgNWs as slow release reservoirs of silver ions. The use of silver nanowires for
biomedical applications could be advantageous in applications where a slow and sustained release is
required, and embedding of AgNWs in delivery platforms such as wound healing bandages can be
used as a strategy to reduce potential cytotoxicity.

4. Materials and Methods

4.1. Materials

2′,7′-Dichlorofluorescin diacetate (≥97%), acetone, agar, chitosan from shrimp shells with low
viscosity (degree of deacetylation ~85%, calculated by H1-NMR), dimethyl sulfoxide anhydrous,
(≥99.9%), glutaraldehyde solution, hexamethyldisilazane (≥99%), sodium chloride, octaldehyde (99%),
poly(vinylpyrrolidone) powder (55 kDa), phosphate-buffered saline tablets, a silver standard for AAS,
sodium cacodylate trihydrate, trypsin-EDTA 0.25% solution, tryptone enzymatic digest from casein,
Triton™ X-100 and yeast extract for microbiology were purchased from Sigma–Aldrich (Irvine, UK).
Ethanol, glycerol (99%), hydrochloric acid (37%), isopropanol, L-(+)-lactic acid (90 %) and sodium
borohydride were purchased from Acros Organics (Geel, Belgium). 3-(4, 5-dimetheylthiazol-2)-2,
5 diphenyl tetrazolium bromide (MTT), 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI),
dimethylformamide, DMEM (high glucose, with GlutaMAXTM and pyruvate), fetal bovine serum
(FBS), Hank’s Balanced Salt Solution (HBSS), HPLC-grade water, methanol, nitric acid (70%),
penicillin/streptomycin solution, phalloidin dylight 550, Pierce ™ BCA Protein Assay and silver
nitrate were purchased from Fisher (Loughborough, UK). Single-wall carbon nanotubes-COOH
OD 1–4 nm (SW-CNTs) were purchased from Cheaptubes.com (Grafton, VT). Corning DMEM/F12
(with L-glutamine and 15 mM HEPES) was purchased from Scientific Laboratory Supplies (UK).
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4.2. Synthesis and Characterization of AgNWs

4.2.1. Synthesis of AgNWs and Composites

AgNWs were synthesized via the polyol method, as previously described [43]. AgNWs-CNT
were synthetized in the presence of CNTs with a slightly modified method. After complete dissolution
of PVP in glycerol, 5.8 mg of carbon nanotubes was added and sonicated for 2 h to favor dispersion.
After sonication, the synthetic procedure was the same as that used for AgNWs. The reaction progress
was monitored by UV-Vis in the wavelength range of 300–600 nm (Thermo Scientific Nicolet Evolution
100 UV-Visible Spectrophotometer, Loughborough, UK). As a control, a physical mixture of CNTs
and AgNWs (AgNWs-CNT mix) was prepared. Briefly, N-octyl-O-sulphate chitosan (NOSC, 10 mg,
synthetized as previously described [44]) was dissolved in 10 mL of purified water before the addition
of 12.5 mg of CNTs. The sample was sonicated for 4 h. Then, 40 mL of deoxygenated water and 2 g of
PVP were added to the mixture. The mixture was then heated and maintained at 80 ◦C for 30 min.
AgNWs in deoxygenated water (10 mL, 1.5 mg/mL) were then added to the reaction mixture; this was
stirred at 800 rpm for 6 h in the dark. The sample was then centrifuged at 2880 g for twenty minutes
and the supernatant removed. This step was repeated twice. The solid pellet obtained was then
washed and stored as previously described [43].

4.2.2. Characterization of AgNWs and Composites

Freeze-dried samples were suspended in deionized water at a concentration of 0.1 mg/mL;
suspensions were dropped onto TEM grids (Agar scientific square mesh TEM support grids—copper)
and allowed to dry at room temperature and pressure; no further treatment was applied. Dry grids
were stored in sealed Petri dishes in a desiccator until analysis with an FEI CM120 BioTwin transmission
electron microscope. The crystal structure of the samples was determined with a Bruker D2-Phaser
diffractometer. Instrumental parameters were as follows: CuKα radiation, 30kV, 10 mA, LynxEye
PSD detector with an angular opening of 5◦, 2θ range 10◦–80◦, step size 0.020◦, time per step 1 s,
spinner 7.5 rpm. The alignment of the instrument was calibrated using an international standard
(NIST 1976b). A low-background silicon crystal specimen holder (Bruker) was used. The analyses
were performed at 26 ± 2◦C. The XRD patterns were evaluated using Bruker EVA 14.2 (DIFFRACplus

Package) software coupled with the database PDF-2 (ICDD). The total silver content and silver release
were determined after digesting the freeze-dried samples in an equal volume of MilliQ water and 70%
nitric acid. The volume of digested samples was brought up to 20 mL with MilliQ water. Finally,
the solutions containing CNTs were filtered five times by a glass microfiber filter (GF/D). The silver
content was determined by an inductively coupled plasma optical emission (ICP-OES) spectrometer
(Spectroblue OEP-TI, Ametek, Germany) equipped with an ASX-520 autosampler. External calibration
was performed by analysis of a blank and five solutions of dissolved AgNO3 standard in 2% HNO3

ranging from 0 to 100 μg L−1. The charged Ag ions were measured at two wavelengths (328.068
and 328.289 nm), and the results were averaged. The ICP-OES was equipped with Spectro Smart
Analyzer software (vs. 6.01.0943). The set parameters for the analysis were as follows: 1450 W for
plasma power, 30 rpm for pump speed, 13 L/min for coolant flow and 0.75 L/min for nebulizer flow.
Ag+ release from nanoparticles was determined as previously reported [43]. In order to determine
whether either AgNWs or CNTs possessed any autofluorescence, freeze-dried NPs were suspended
in deionized water and sonicated to provide a homogeneous suspension. Samples were excited
at different wavelengths (390, 488, 550, 570, 633 and 670 nm), and the respective emission spectra
were recorded. Images of the suspensions were then acquired by fluorescence microscopy (Zeiss Axio
Imager Z1). Surface zeta potentials were measured using a Malvern Zetasizer (Nano ZS, Malvern, UK).
Nanoparticles were suspended by sonication in deionized water. On average, twelve measurements
per samples were carried out. The selected refractive index for silver nanoparticles was 1.333.
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4.3. Antibacterial Activity

4.3.1. Bacterial Culture Preparation

The antibacterial activity of AgNWs was examined by a suspension assay against gram-negative
E.coli (ATCC 25922) and gram-positive S. aureus (ATCC 25923), methicillin-resistant S. aureus (ATCC
12403) and S. saprophyticus (ATCC 15305). The bacteria were transferred from −80 ◦C (30% glycerol) into
5 mL of fresh sterile LB by a sterile toothpick and incubated (at 37 ◦C and 200 rpm) until the bacterial
suspension was cloudy (1 day for E.coli and S. aureus, 2 days for MRSA and 3 days for S. saprophyticus)
(MaxQ™ 8000, Thermo Scientific). Then, 50 μL of the bacterial suspension was transferred into 5 mL
of fresh sterile LB, and the bacteria were further incubated at 37 ◦C until the suspension was newly
cloudy (1 day for E. coli, S. aureus and MRSA and 2 days for S. saprophyticus).

4.3.2. Preparation of Stock Solutions of Antibacterial/Cytotoxic Agents

Stock suspensions (10 mg/mL) of NPs were prepared in deionized water and were then diluted
in the appropriate medium. AgNO3 was dissolved in water in order to obtain an Ag+ concentration
of 10 mg/mL. All suspensions and the silver nitrate solutions were sonicated for 2 h in order to obtained
homogenous preparations.

4.3.3. Determination of the Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

Bacterial suspensions were prepared as described above. Samples were tested at a range of
concentrations (10, 100, 200, 500, 750, 1000, 1500, 2000 and 3000 μg/mL) against bacterial suspensions
(107 CFU/mL) to a final volume of 150 μL in 96 well plates. Medium with only bacteria served
as a negative control. Then, the plates were incubated at 37 ◦C for 24 h with gentle shaking (60 rpm).
The absorbance was read at 600 nm using the appropriate blank suspensions/solutions. MIC was
determined through spectrophotometry as the lowest concentration visibly inhibiting the bacterial
growth. MBC was determined by transferring 25 μL samples from each well onto a LB agar plate.
After overnight incubation (12 h), the total number of colonies appearing on the culture plate was
assessed. The MBC was determined as the concentration at which there was no microbial growth.
All experiments were performed in duplicate.

4.3.4. Bacterial Growth Kinetics

The effect of the prepared samples on bacterial growth kinetics was assessed as previously
described [43].

4.3.5. Protein Leakage From Bacteria

Bacteria were grown as described above and then centrifuged (13,000 g for 5 min), and the pellets
were suspended in sterile PBS (pH 7.4) to a final concentration of 0.6 CFU/mL in the presence of
two concentrations of samples to be tested: 12.5 and 100 μg/mL. Bacteria were incubated at 37 ◦C
and 200 rpm. After 1 and 24 h incubation, 1 mL of sample was taken from each test tube and centrifuged
(13,000 g for 5 min). The supernatant was then stored at −20 ◦C until further analysis. The bicinchoninic
assay (Pierce ™ BCA Protein Assay) was carried out according to the manufacturer’s instructions.
Briefly, 25 μL samples were mixed with 200 μL of working solution. Sample absorbance was read
at 562 nm after two hours of incubation at 37 ◦C. The experiment was carried out in duplicate.

4.3.6. Extracellular ROS Production

To determine levels of ROS generated, a fluorescent probe was used; 2, 7- dichlorofluorescein
diacetate (DCFH-DA) is converted to highly fluorescent 2, 7- dichlorofluorescein (DCF) in the presence
of reactive oxygen species (H2O2, HO• and ROO•). Initially, the DCFH-DA probe was suspended in

75



Int. J. Mol. Sci. 2020, 21, 2303

DMSO at a 10 mM concentration before being diluted with LB medium to create a 100 μM working
solution. After 24 h of incubation of bacteria with the test samples, 1 mL samples were removed
and centrifuged at 1300 rpm for 1 min. The supernatant (40 μL) was removed and incubated with
60 μL of the fluorescent probe for 30 min in the dark at 37 ◦C. Using an excitation wavelength of
485 nm and an emission wavelength of 520 nm, the fluorescence of the samples was read on a bench
top fluorimeter (Agilent Cary Eclipse).

4.4. Cytotoxicity Studies

4.4.1. Cell Culture

Human fetal osteoblasts (hFOB 1.19), human foreskin fibroblasts (Hs27) and human colorectal
adenocarcinoma cells (Caco-2) were purchased from ATCC®. hFOB were maintained at 37 ◦C in 5%
CO2 in a flask in Dulbecco’s Modified Eagle’s Ham/F12 medium (with L-glutamine and 12 mM HEPES)
containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Hs27 were maintained
under the same physical conditions but using DMEM (high glucose, with GlutaMAXTM and pyruvate),
10% FBS and 1% P/S. Caco-2 cells were maintained at 37 ◦C in 5% CO2 in MEM containing 10% FBS,
1% P/S, 2 mM L-glutamine and 1% non-essential amino acids (NEAA). Cell lines were used between
passage 4 and 12.

4.4.2. Cell Viability

Cell viability was evaluated by the MTT [3-(4, 5-dimetheylthiazol-2)-2, 5 diphenyl tetrazolium
bromide] colorimetric technique. Briefly, 5000 cells/well were plated in a 96-well plate with 100 μL
of complete medium and incubated overnight to permit cell attachment. Stock suspensions of test
samples in complete medium were sonicated for 4 h at 40 Hz. Aliquots of initial AgNW suspensions
were added to the cell medium to final concentrations of 0.1, 1, 10, 25, 50 and 100 μg/mL. After 24 h of
incubation, 100 μL of treatments were added to each well containing cells and incubated for 2 and 24 h.
At these time points, the treatments were removed and cells were treated with 100 μL of complete
medium containing MTT (0.5 mg/mL). The cells were incubated for 4 h in a 5% CO2 incubator for
reduction of MTT by metabolically active cells. The reagent was removed, and the purple formazan
crystal inside the cells was solubilized with 100 μL of DMSO. The formazan content was quantified by
spectrophotometry at a wavelength of 570 nm (SpectraMax® i3x, Molecular Devices). DMSO served
as a blank. The experiments were carried out at least in triplicate.

4.4.3. Cell Membrane Integrity

To evaluate cell membrane integrity, the lactate dehydrogenase (LDH) leakage assay was performed.
Cells were plated at 10,000 cells/well. Then, cells were treated with nanoparticles in complete medium
containing 2% FBS (as the serum may interfere with the assay). Spontaneous activity and maximum LDH
activity were used as controls. The assay was carried out according to the manufacturer’s instructions
(Pierce ™ LDH cytotoxicity assay). The absorbance was read at 490 and 680 nm. The absorbance
read at 680 nm (background) was subtracted from the 490 nm absorbance before the calculation of
LDH release.

4.4.4. Intracellular ROS Production

Cells were plated in a sterile black 96-well plate at 25,000 cells/well in 100 μL of medium. Cells were
incubated for 24 h; then, the medium was removed, and the cells were washed once with sterile HBSS
containing Ca and Mg. Cells were further incubated with DCFH-DA 28 μM in HBSS for 45 min.
After washing with HBSS, the cells were treated with the complete medium (2% FBS), containing
the test samples, for desired periods of time. Fluorescence was measured as described in Section 4.3.6.
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4.4.5. Silver Uptake by Cells

Cells were plated at 30,000 cells/well (1 mL medium) in a 24-well plate and incubated for
24 h, as described above. Cells were exposed to nanoparticles at different concentrations (1 mL).
After 24 h of exposure, the medium was removed, and the cells were gently washed twice with
cold PBS to remove loosely attached Ag ions and/or NPs from the cell membrane. To each well,
HPLC grade water (600 μL) was added, and then 70% HNO3 (600 μL). The nanoparticles were then
digested for 20 min, and the solutions were brought to 21 mL with HPLC grade water. Controls were
made with just cells. The silver content was determined by an inductively coupled plasma optical
emission (ICP-OES) spectrometer (Spectroblue OEP-TI, Ametek, Germany) equipped with an ASX-520
autosampler. External calibration was performed by analysis of a blank and five solutions of dissolved
Ag in 2% HNO3 ranging from 0 to 100 μg L−1. The charged Ag ions were measured at two wavelengths
(328.068 and 328.289 nm), and the results were averaged. The ICP-OES was equipped with SPECTRO
SMART ANALYZER software (vs. 6.01.0943). The set parameters for the analysis were 1450 W for
plasma power, 30 rpm for pump speed, 13.00 L/min for coolant flow and 0.75 L/min for nebulizer flow.

4.4.6. Fluorescence Imaging of AgNW Uptake

Cells were seeded on coverslips at a cell density of 10000 cells/well in 24-well plates (300 μL
of medium). After overnight incubation at 37 ◦C and 5% CO2, cells were treated with AgNWs.
At scheduled time points, cells on coverslips were fixed directly with paraformaldehyde (4%) in PBS
(pH 7.4) for 15 min, washed with PBS, permeabilized for 10 min in 0.1% Triton X-100/PBS, washed
twice with PBS, blocked with 2% bovine serum albumin (BSA) in PBS for 1 h, washed twice with
PBS, stained with Phalloidin Dylight 550 in PBS (2 units/mL, stock solution 300 units/mL in methanol)
for 1 h (300 μL, at room temperature), washed twice with PBS, stained with DAPI 2 μg/mL in PBS for
10 min and finally rinsed again with PBS. Coverslips were mounted on glass slides using PermaFluor
Aqueous Mounting Medium. Samples were kept protected from light until imaging. Photos were
taken with a fluorescence microscope (Zeiss Axio Imager Z1) equipped with a Hamamatsu HR camera
and a color AxioCam MRc camera. Images were processed by Volocity 6.3 software.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/7/2303/
s1.
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Abstract: We developed a novel green approach for the in situ fabrication of Ag NPs in mesoporous
TiO2 films via the bamboo self-sacrificing reduction of Ag(NH3)2

+ ions, which can inhibit fungal
growth on the bamboo surface. Mesoporous anatase TiO2 (MT) films were first synthesized on
bamboo via a hydrothermal method. Then, Ag NPs with a 5.3 nm mean diameter were incorporated
into the pore channels of optimal MT/bamboo (MTB) samples at room temperature without the
addition of reducing agents, such that the Ag NPs were almost entirely embedded into the MT films.
Our analysis indicated that the solubilized lignin from bamboo, which is rich in oxygen-containing
functional groups, serves as a green reductant for reducing the Ag(NH3)2

+ ions to Ag NPs. Antifungal
experiments with Trichoderma viride under dark conditions highlighted that the antifungal activity
of the Ag/MT/bamboo samples were greater than those of naked bamboo, MTB, and Ag/bamboo,
suggesting that these hybrid nanomaterials produce a synergistic antifungal effect that is unrelated to
photoactivity. The inhibition of Penicillium citrinum effectively followed a similar trend. This newly
developed bamboo protection method may provide a sustainable, eco-friendly, and efficient method
for enhancing the antifungal characteristics of traditional bamboo, having the potential to prolong the
service life of bamboo materials, particularly under dark conditions.

Keywords: bamboo; Ag/TiO2 nanocomposites; self-sacrificing reduction; antifungal activity

1. Introduction

Bamboo is a widely used material in furniture, construction, and commodities trading owing to
its renewability, easy processability, high strength-to-weight ratio, and negative carbon footprint [1].
However, bamboo, which is rich in nutrients, such as starch, saccharides, proteins, and aliphatics,
and low in toxic constituents, is easily susceptible to attack by a variety of microorganisms such
as fungi, bacteria, and insects. Such mildew-based attacks can impair its durability and cause the
bamboo materials to lose their value during storage, transport, and even in their final usage [2].
Over 10% of the global annual bamboo output is damaged by microbiological attack, which greatly
limits the usefulness of bamboo products, resulting in massive economic and bamboo resource
losses [3]. Numerous methods have been employed to overcome this mildew problem by prolonging
the service life of bamboo and adding value to bamboo products. Traditional bamboo protection
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methods against fungi include microwave and high-temperature treatments [4,5], which could sterilize
and decrease the starch and sugar contents of the bamboo. Furthermore, chemical mold-resistant
agents, including pentachlorophenol, alkaline copper quaternary compounds [6], chromated copper
arsenate [7], chitosan–copper complex [8], and camphor leaf extract [9], have been used to prevent
fungal growth in bamboo products. However, the use of various fungicidal chemicals has been banned
or restricted owing to drawbacks such as their potential toxicity, leaching and environmental concerns,
and unpleasant odor. Therefore, it is desirable to develop novel, effective, and non-toxic antifungal
agents for bamboo materials.

Nanotechnological advances have permitted the development of nanosized metal oxides or their
composites, such as TiO2 [10], ZnO [11], Fe3+-TiO2 [12], and ZnO/TiO2 [13,14], to mitigate fungal growth
in bamboo, as outlined in our previous research. However, numerous limitations and shortcomings
remain, such as the poor antifungal ability to single-phase materials, the need for ultraviolet/visible
(UV/VIS) light, poor adhesion, and leaching resistance. For example, TiO2 coatings can combine strongly
with the bamboo matrix, but single-phase TiO2 is not able to achieve significant fungal resistance unless
it is either combined with co-biocides or in the absence of UV light. Although ZnO/TiO2 nanocomposites
exhibit excellent antifungal activity under dark conditions, leaching resistance has become an urgent
problem because nanosized ZnO was hardly incorporated into the TiO2 matrix that coated the bamboo
substrate. Previous studies have proven that Ag nanoparticles (NPs), as well as Ag nanocomposites
or Ag NP-based materials, exhibit potent antimicrobial efficacy against bacteria, viruses, and fungi
with low toxicity for humans and animals [15–17]. The incorporation of Ag NPs into various matrices,
such as cellulose-based materials [18], organic polymer complexes [19], polymer-inorganic hybrid
matrices [20], and inorganic hybrid matrices [16], has recently been investigated to extend their utility
in practical antimicrobial applications, particularly in inorganic hybrid matrices with mesoporous
structures. Ag-containing materials that are formed by embedding Ag NPs within mesoporous
nanomaterials may protect the Ag NPs from aggregation and allow for the slow release of Ag ions; as
such, these materials are predicted to be more effective as an antibacterial agent than conventional Ag
NPs [16,21]. Ag NPs are generally prepared via three major approaches: UV irradiation reduction [22],
thermal decomposition [23], and chemical reduction [24], with chemical reduction being the most
widely used method. However, this synthesis process requires the addition of reducing agents, such as
sodium borohydride, hydrazine hydrate, aldehydes, or stabilizing agents, all of which have undesirable
environmental impacts and require additional steps during synthesis.

The bamboo cell wall primarily comprises cellulose, hemicellulose, and lignin. Lignin is a complex
phenolic polymer that comprises methoxylated phenylpropane substructures with many functional
groups, such as hydroxyl, carbonyl, and aldehyde groups [25,26]; these groups can act as reductive
functional groups for metal NP synthesis [27,28]. However, an exhaustive literature search indicates
there is currently no report that discusses the preparation of Ag NPs by using bamboo as this reducing
agent. In this study, a novel green approach was developed for the in situ fabrication of Ag NPs in
mesoporous anatase TiO2 (MT) films via the bamboo self-sacrificing reduction of Ag(NH3)2

+ ions.
Various characterization techniques, including X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET)
analysis, X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), and Fourier transform infrared spectroscopy (FTIR)
were employed to study surface properties such as the film microstructure, crystalline structure,
surface area, and pore size. Furthermore, the mechanism for the in situ reduction of the Ag NPs in
the pore channel of the MT films was investigated. This method was conducted without the use of
chemical reducing or stabilizing agents such as sodium borohydride, hydrazine hydrate, and aldehydes,
and could yield a highly dispersed arrangement of small Ag NPs in the MT films. These Ag-TiO2

composite films endowed the bamboo with excellent antifungal activity; consequently, the growth of
Trichoderma viride (T. viride) and Penicillium citrinum (P. citrinum) were effectively inhibited owing to a
synergistic antifungal effect that was unrelated to photoactivity. The adhesion and long-term stability
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of these Ag-TiO2 composite films on the bamboo surface were studied using Scotch tape and 2 months
lab-exposure tests. Additionally, the antifungal mechanism was explored.

2. Results

2.1. Overview of Material Synthesis

The schematics of the ATMB synthesis procedure and its antifungal activity are illustrated in
Figure 1. Previous studies have shown that the hydroxyl groups in the bamboo substrate can react with
certain metal oxides, such as TiO2 [10], ZnO [11], and γ-Fe2O3 [29], and that bamboo is hydrophilic, with
numerous active hydroxyl groups. The existence of numerous R–OH groups as active sites promoted
the formation of R−O−Ti linkages between the bamboo surface and TiO2 NPs. The nucleated TiO2

layer on the bamboo substrate could serve as the seed layer to boost the homogeneous condensation
of TiO2 NPs. The Ti−OH groups existing on the surface of previous TiO2 could further promote
the growth of TiO2 NPs by acting as active sites for subsequent particle growth through olation and
oxolation, leading to the formation of Ti−O−Ti linkages. Finally, the MT films were formed on the
bamboo surface. The positively charged Ag(NH3)2

+ was quickly drawn to the negatively charged TiO2

surface, which was covered by F– or OH groups owing to an attractive electrostatic force. Previous
studies have shown that liquid ammonia can be used for solubilizing lignin, resulting in the extraction
of lignin from lignocellulose [30,31]. The metal precursors can be in situ reduced to metal NPs using
various functional groups, such as the hydroxyl, carbonyl, and aldehyde groups in lignin. The MTB
samples were immersed in an Ag(NH3)2OH solution, with the Ag(NH3)2

+ ions in the Ag(NH3)2OH
solution being slowly reduced by lignin and forming Ag NPs in the pore channel of MT films on the
bamboo surface. The Ag NPs retained great mechanical stability even after the Scotch tape test, owing
to the strong binding between the Ag NPs and TiO2 matrix. Fungal growth was inhibited by the strong
antifungal properties of the resultant AMTB samples.

Figure 1. Schematic of the Ag NP-decorated mesoporous anatase TiO2 film-coated bamboo (AMTB)
synthesis procedure and its antifungal activity owing to which fungal growth was inhibited for the two
tested fungi. MTB: mesoporous anatase TiO2 film-coated bamboo.
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2.2. The Optimized Synthesis of MTB

XRD and BET analyses were conducted to optimize the MTB synthesis process by determining the
structural changes in the MT films on the bamboo surface at different growth times. Three characteristic
broad peaks at 2θ = 16◦, 22◦, and 35◦ were associated with the crystalline diffraction of cellulose in
bamboo (Figure 2a). Five new peaks were observed at 2θ = 25.3◦, 37.8◦, 48.0◦, 53.9◦, and 62.7◦ in
the MTB samples, which were attributed to the diffraction peaks of the (101), (004), (200), (105), and
(204) planes of anatase TiO2 structures [10]. The intensity of the anatase diffraction peaks increased as
the growth time increased from 2 to 4 h; however, there was no obvious increase between 4 and 6 h.
No impurity peaks were detected from this pattern, confirming that high-purity TiO2 films could be
deposited on hydrophilic bamboo via a hydrothermal method.

Figure 2. (a) XRD spectra of bamboo, MTB-2, MTB-4, and MTB-6. (b) N2 adsorption–desorption
isotherm and pore-size distributions of MTB-2, MTB-4, and MTB-6. (c) X-ray photoelectron spectroscopy
(XPS) survey spectra of MTB-4. (d) XPS spectrum of Ti 2p.

The pore structure and surface area of the samples were characterized using the N2

adsorption–desorption isotherms (Figure 2b), with specific surface areas of 55.8, 66.4, and 65.0
m2 g−1 calculated for samples MTB-2, MTB-4, and MTB-6, respectively, by the multi-point BET method
(Table 1). The pore-size analyses from the N2 adsorption branch revealed that the pore diameter
decreased from 3.1 to 2.5 nm as the growth time increased; however, the total pore volume was not
observed to change. These results indicated that the growth time of the MT films on bamboo was
optimum at 4 h.

Furthermore, the chemical compositions and valence of the MTB-4 sample were confirmed via
XPS analysis, with the survey spectra revealing the presence of O, Ti, F, N, and C (Figure 2c), which
was consistent with previous results. It should be noted that the presence of F in MTB-4 suggests the
adsorbed F– ions played for a role in the formation of Ag NPs in the pore channel of the MT films.
The Ti 2p1/2 and 2p3/2 core levels of MTB-4 were approximately 464.6 and 458.9 eV, respectively, as
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shown in Figure 2d. A binding energy difference of 5.7 eV was measured between the Ti 2p3/2 and
2p1/2 peaks of both samples, indicating that Ti was primarily in the +4-valence state (Ti4+).

Table 1. Summary of the surface area and pore properties of the MTB samples.

Sample SBET/m
2 g−1 dP/nm VP/cm3 g−1

MTB-2 55.8 3.1 0.04
MTB-4 65.4 2.5 0.04
MTB-6 65.0 2.5 0.04

2.3. Synthesis and Microstructure Characterization of AMTB

An example SEM image of naked bamboo, which comprises numerous large parenchyma cells, is
shown in Figure 3a; the bamboo microstructure was the only other substance observed in the image.
The MT films that were self-assembled with nanosized TiO2 particles were uniformly deposited on the
bamboo surface after the 4 h hydrothermal reaction at 90 ◦C (Figure 3b). A large number of nanosized
particles were observed on the anatase films, with these NPs introduced via the bamboo self-sacrificing
reduction of Ag(NH3)2

+ ions, as shown in Figure 3c. Furthermore, the structural state of the nanosized
particles was characterized via XRD, with the AMTB samples exhibiting characteristic peaks that
matched JCPDS card 36-1451; this indicated that the Ag NPs had face-centered cubic structures
(Figure 3d) [32]. Note that the original color of the MTB samples became black–brown owing to the
plasmon absorption of Ag NPs (Figure 1). Only the anatase crystal phase and cellulose were observed
in the XRD spectra. Cross-sections of the AMTB samples were investigated using EDS to survey the
doping depth of the Ag NPs in the MT films (Figure 3e), with the EDS results confirming the presence
of Ag (15.52% Ag), indicating that numerous Ag NPs were embedded into the MT films. Furthermore,
a small amount of C may have come from the bamboo component (e.g., lignin) that was solubilized in
liquid ammonia and involved in the reduction of Ag(NH3)2

+ ions. These results were supported by
the FTIR analyses. XPS analysis was conducted to further determine the composition of the sample
surfaces, with a narrow Ag 3d peak detected in the AMTB sample (Figure 3f), which was indicative of
a major Ag0 component (368.2 eV for Ag0 3d5/2 and 374.2 eV for Ag0 3d3/2) that corresponded to the
Ag NPs [33]. The F 1s peak in the AMTB sample decreased compared with that of the MTB sample
owing to the consumption of F– ions during the Ag NP synthesis (Figure 3g). The F– ions on the TiO2

surface could combine with the Ag(NH3)2
+ ions through electrostatic attraction, contributing to the

formation of Ag NPs. These results indicated that MT films were successfully doped with Ag NPs.
The detailed structure of the AMTB sample and the Ag NP distribution in the MT films were

further revealed via TEM, HRTEM, high-angle annular dark-field scanning TEM (HAADF–STEM),
and element mapping measurements. The TEM image revealed that a high density of small particles
with good dispersity was incorporated into the three-dimensional MT films (Figure 4a). The relatively
dark regions in the HRTEM image were attributed to the intertwining of Ag NPs (average diameter of
5.3 nm) with the TiO2 films (Figure 4b). The lattice fringe spacing was 0.23 nm, which corresponded
to the (111) plane of the face-centered-cubic Ag crystals. These results were consistent with the XRD
results in Figure 3d. The diameter of the Ag NPs was in the 2−13 nm range (Figure 4c). The STEM
analysis results are shown in Figure 4d–h. The bright spots in the HAADF image corresponded to
isolated Ag atoms that remained in the MT films (Figure 4d), with a uniform distribution of Ag atoms
in the AMTB sample (Figure 4e–h), which suggested that Ag NPs were successfully incorporated into
the pore channels of the MT films.
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Figure 3. SEM images of (a) naked bamboo, (b) MTB, and (c) AMTB samples (The inset shows the
corresponding high-magnification image of each sample). (d) XRD spectrum of an AMTB sample. (e)
The energy-dispersive X-ray spectroscopy (EDS)spectrum of an AMTB sample (The inset is the cross
section). (f) Ag 3d region of an AMTB sample. (g) F 1s region of the MTB and AMTB samples.

Figure 4. Typical (a) TEM and (b) high-resolution transmission electron microscopy (HRTEM) images,
(c) Ag NP size distribution, (d) high-angle annular dark-field scanning TEM (HAADF–STEM) image,
and (e–h) elemental mapping analysis of the AMTB samples.
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2.4. AMTB Formation Mechanism

The FTIR spectra of naked bamboo, MTB, and AMTB were compared to investigate the AMTB
formation mechanism (Figure 5). The naked bamboo absorption band at 3368 cm−1 was attributed
to the O–H stretching vibration of the intramolecular hydrogen bond. The peak at 2912 cm−1 could
be assigned to C–H group’s stretching vibrations. The other bands were typical bands of cellulose,
hemicellulose, and lignin, as follows [11,34]: 1735 cm−1 for unconjugated C=O in hemicellulose, 1604
and 1508 cm−1 for the aromatic skeleton vibrations of lignin, 1459 cm−1 for the CH3 deformation
in lignin and CH2 bending in xylan, 1425 cm−1 for the HCH and OCH in-plane bending vibrations
of lignin, 1375 cm−1 for the CH deformation vibration of cellulose, 1330 cm−1 for the C−H bending
of cellulose, 1250 cm−1 for the C−O stretching of hemicellulose and lignin, 1163 cm−1 for the C−O
stretching of cellulose, 1046 cm−1 for C−O stretching, 897 cm−1 for C−H deformation in hemicellulose
and cellulose, and 833 cm−1 for the benzene ring C−H bending of lignin.

Figure 5. FTIR spectra of naked bamboo, MTB, and AMTB.

A broad band was observed in the 3000–3600 cm−1 wavelength range of the MTB spectrum
after TiO2 deposition, which was assigned to the stretching modes of the O−H and N−H bonds [35].
The concomitant appearance of new N−H bands at lower frequencies (3221 cm−1) indicated that
numerous R–OH groups served as active sites and reacted with the precursor to immobilize particles
on the bamboo surface. The band intensity of the C–H stretching vibration (2888–2947 cm−1) was
significantly decreased after hydrothermal treatment. Additionally, a similar reduced band intensity
was observed at 1735 cm−1, which corresponded to the C=O stretching vibration. Conversely, the
primary bands in the MTB samples were at 537 cm−1, which were attributed to the Ti−O stretching
and Ti−O−Ti bridging stretching modes [36]. The peak located at 1400 cm−1 was due to the bending
vibrations of the N−H bonds in the NH4

+ ions [37], which was significantly decreased after impregnation
in Ag(NH3)2

+ solution. The observed decreases in the O−H (3384 cm−1), C–H (2888–2947 cm−1), and
C=O bonds (1735 cm−1) in the AMTB samples in combination with the existence of –CHO groups in
bamboo indicated that these groups participated in the redox reaction with the Ag(NH3)2

+ solution.
These results were further supported by the FTIR spectrum of the AB sample (Figure S2). Previous
studies have shown that the abundant oxygen-containing functional groups in natural cotton could
be utilized to reduce silver nitrate to Ag NPs on the cotton surface [38]; furthermore, they found that
the peak –OH intensity at approximately 3400 cm−1 decreased, indicating that some groups, such as
hydroxyl, carbonyl, and aldehyde, were involved in the reduction reaction. However, the Ag(NH3)2

+

solution in the pore channel of the MT films was not in direct contact with the bamboo substrate in
our work; as such, the oxygen-containing functional groups in bamboo were not directly involved
in the reduction reaction. However, the Ag(NH3)2

+ solution was still reduced to Ag NPs in the pore
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channel of the MT films without adding reducing agents. A new absorption band at 1384 cm−1 in the
AMTB spectrum was attributed to C–N group stretching vibrations. Owen et al. [31] also reported that
ammonia easily penetrates into the wood structure, which causes many of the oxygen linkages that
hold the cellulose and hemicellulose polymer chains together to break down. The isolated lignin could
react with ammonia to form ammonium salts. A typical lignin UV spectrum was observed at 294 nm,
indicating that some lignin was solubilized in ammonia solution, as shown in Figure S3. [39] These
ammonium salts in solution could potentially play a crucial role in reducing the Ag(NH3)2

+ ions to Ag
NPs in the pore channel of the MT films. The AMTB sample was successfully fabricated via the direct
bamboo self-sacrificing reduction of Ag(NH3)2

+ ions in the TiO2 matrix.

2.5. Antifungal Activity of AMTB

2.5.1. Inhibition of T. viride Spores

The antifungal activity of naked bamboo, MTB, AB, and AMTB and their ability to inhibit T. viride
spores are shown in Figure 6. The test specimens were supported by a U-shaped glass rod (4 mm
diameter) on the mycelia-covered PDA substrates and had no direct contact with the spores. We
can clearly see that the naked bamboo was entirely covered with mycelia after incubation for 7 days
(Figure 6a2,a3), indicating that naked bamboo had no resistance to T. viride. A small number of mycelia
were directly observed on the MTB sample surface after incubation for 28 days (Figure 6b2), with its
optical microscope image illustrating that it was completely covered with mycelia (Figure 6b3), similar
to that observed for natural bamboo. However, the fungal growth was much more robust in the naked
bamboo. Mycelia can grow well in the bamboo in the AB sample after incubation for 28 days, even
though many nanosized Ag particles were coated on the bamboo surface (Figure 6c2,c3). These results
indicated that the AB samples possessed a poor resistance to T. viride. Both the MTB and AB samples
had very limited antifungal activity under dark conditions. Conversely, we did not observe mycelia on
the AMTB sample surface (Figure 6d2,d3), which indicated that the antifungal activity of the AMTB
sample was greater than that of both the MTB and AB samples. These observations suggest that the
Ag-TiO2 hybrid materials produce a synergistic antifungal effect that is unrelated to photoactivity.

Figure 6. Antifungal properties of (a1–a3) naked bamboo, (b1–b3) MTB, (c1–c3) Ag/bamboo (AB), and
(d1–d3) AMTB to inhibit Trichoderma viride growth. Incubation period: (a1–d1) 0 days, (a2) 7 days,
(b2–d2) 28 days. The optical microscope images in (a3–d3) correspond to the samples in (a2–d2). Scale
bars: 1 mm.

88



Int. J. Mol. Sci. 2019, 20, 5497

2.5.2. Inhibition of P. citrinum Spores

P. citrinum was also chosen to confirm the aforementioned conclusion and verify the antifungal
activity of the as-prepared samples in the same assays. Multiple fungus clusters were observed on
the surface of the naked bamboo after incubation for 7 days (Figure 7a2,a3). The bamboo surface
was almost entirely covered with mycelia in the optical microscope image, indicating that the natural
bamboo had no resistance to P. citrinum. The MTB sample also had poor resistance to P. citrinum
(Figure 7b2,b3) after incubation for 28 days, similar to its poor resistance to T. viride. However, the AB
sample showed better antifungal activity than the naked bamboo and MTB samples, as P. citrinum
mycelia failed to cover the entire surface of the AB sample after incubation for 28 days (Figure 7c2,c3).
The area of fungal infection reached 35% (average) at the end of the 28 days incubation period. This
also indicated that the antifungal activity of the AB samples for P. citrinum was more effective than that
for T. viride. The AMTB sample exhibited efficient antifungal activity for P. citrinum after incubation for
28 days in dark conditions, with no mycelia observed on the AMTB sample surface (Figure 7d2,d3).

Figure 7. Antifungal properties of (a1–a3) naked bamboo, (b1–b3) MTB, (c1–c3) AB, and (d1–d3) AMTB
to inhibit Penicillium citrinum growth. Incubation period: (a1–d1) 0 days, (a2) 7 days, (b2–d2) 28 days.
The corresponding optical microscope images in (a3–d3) correspond to the samples in (a2–d2). Scale
bars: 1 mm.

The antifungal activity of the naked bamboo, MTB, AB, and AMTB samples during the 28 days
incubation period are shown in Figure 8. The naked bamboo was seriously infected with both T. viride
and P. citrinum, with the surface infection value reaching ratings of 2.2 and 2.8 on day 4, and 4 and 4 on
day 8, respectively. There was a marked improvement in the antifungal activity of the MTB sample
against T. viride and P. citrinum compared with that for naked bamboo. The fungal growth on the MTB
surface was slower than that on the naked bamboo surface, with the surface infection value of the
MTB sample possessing a 0 rating after 14 days. However, fungi spores began to germinate and grew
rapidly after 14 days, with surface infection values reaching ratings of 4 (T. viride) and 3.4 (P. citrinum)
on day 24. The AB sample initially became infected with T. viride and P. citrinum on days 8 and 12,
respectively. The surface infection value for T. viride reached a rating of 4 on day 20, whereas it only
reached 1.4 for P. citrinum at the end of the experiment. The antifungal activity of the AB samples to P.
citrinum was therefore more effective than that to T. viride. Conversely, the surface infection values of

89



Int. J. Mol. Sci. 2019, 20, 5497

the AMTB samples possessed 0 ratings for both T. viride and P. citrinum at the end of the experiment,
indicating that the AMTB samples displayed effective resistance to fungal growth.

Figure 8. Fungal growth curves for two fungal species (T. viride and P. citrinum) cultured on naked
bamboo, MTB, AB, and AMTB.

2.6. Exploration of the Antifungal Mechanism

Recent studies have indicated that the mechanism responsible for the activation of the biocidal
properties of Ag/TiO2 nanocomposites was rather complicated. The reasons for the enhanced
antimicrobial effect of Ag/TiO2 hybrids in the absence of UV light are still not completely understood.
Their enhanced antimicrobial qualities originated from the light-mediated generation of reactive
oxygen species, release of toxic silver ions, and cell membrane damage through their contact with the
Ag NPs. Li et al. [40] reported that hybrid Ag/TiO2 nanocomposites possessed stronger bactericidal
activity than pure Ag and pure TiO2 under UV light. It is well known that the doping of Ag NPs on
TiO2 enhances the photocatalytic activity of TiO2, resulting in the enhanced generation of reactive
oxygen species. They also suggested that the release of Ag+ ions was not the dominant inactivation
mechanism for the Ag/TiO2 nanocomposites [40]. Jin et al. [41] reported a similar observation, where
the Ag+ ions released from Ag2O/TNBs did not contribute to the bactericidal effects of Ag2O/TNBs
in dark conditions. However, another study also showed that the Ag+ ion release rates from the
Ag/TiO2 nanocomposites were much higher than those from the Ag NPs, resulting in better bactericidal
activity [42]. Furthermore, previous studies have suggested that the enhanced antimicrobial activity of
nanocomposites may be due to their large surface-to-volume ratio. However, the BET surface area of
the TiO2 particles decreased owing to Ag NP modification (Table S1). A comparison of the BET surface
area and antifungal activity suggested that the surface area was not the main factor contributing to the
enhanced antifungal effect. Perkas et al. [43] reported that nanocomposites with smaller-sized Ag NPs
incorporated in titania possessed higher antibacterial properties. Esfandiari et al. [44] reported a similar
observation, noting that the bactericidal capacity was dependent on the size characteristics of the
Ag/TiO2 coating. Here, numerous Ag NPs that were 50–100 nm in diameter were similarly prepared on
the MTB surface via a silver-mirror reaction (Figure S4a). Some T. viride mycelia were observed on its
surface after incubation for 28 days (Figure S4c), revealing a much poorer antifungal activity than that
of the AMTB samples. We believe this could be attributed to the small particle size of the self-sacrificing
reduction-derived AMTB (2−10 nm) compared with that of the silver-mirror-reaction-derived AMTB
(50−100 nm). The ATMB antifungal activity was greater than those for the MTB and AB samples in the
absence of light, suggesting that the Ag/TiO2 hybrid materials produced a synergistic antifungal effect
that was unrelated to photoactivity.
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2.7. Stability Evaluation

The Scotch tape test, which was based on ASTM D3359-02 standard, was applied to determine
the stability and durability of the Ag-incorporated MT films on the bamboo surface. Scotch tape was
pressed against the AMTB sample and subsequently peeled off. Optical images of the AMTB surface
before and after 15 peeling attempts are shown in Figure 9, with no obvious damage or detachment
of the films after the test. However, slight black particles were observed on the 3M Scotch tape after
the first peeling attempt (Figure S5), but this did not affect the antifungal activity of the test AMTB
samples. No mycelia were observed on the AMTB surface after incubation for 28 days, indicating
the films had good adhesion after the Scotch tape test. Furthermore, the antifungal activity of the
AMTB samples after exposure in the lab environment for two months was measured to determine
the long-term stability of the AMTB samples. Mycelia failed to cover the AMTB sample surface after
incubation for 28 days, indicating that the AMTB samples also retained good long-term stability.

Figure 9. Optical microscope images of the AMTB surfaces during the Scotch tape tests: (a) original
surface; (b) after 15 peeling tests. Scale bars: 1 mm.

3. Conclusions

We have introduced a simple, sustainable, and environmentally friendly method for the in
situ fabrication of Ag NPs into mesoporous TiO2 films via bamboo self-sacrificing reduction.
The mesoporous anatase TiO2 films provided sufficient active sites (F or OH groups) for the
Ag(NH3)2

+ ions diffusing into its pore channels. The solubilized lignin from bamboo, which is
rich in oxygen-containing functional groups, served as a green reductant for reducing the Ag(NH3)2

+

to Ag NPs in the pore channels. Natural bamboo was not only used as a reductant to nucleate the Ag
precursors but also as a support to immobilize the Ag-TiO2 composite films. These Ag-TiO2 composite
films endowed the bamboo with excellent antifungal activity with which T. viride and P. citrinum was
inhibited, with this synergistic antifungal effect being unrelated to photoactivity. Furthermore, the high
antifungal activity was found to be dependent on the size of the Ag NPs. Moreover, the Scotch tape and
2 months lab-exposure tests indicated that the Ag-TiO2 composite films on the bamboo surface had good
adhesion and long-term stability. The use of bamboo as an environmentally friendly and sustainable
material with abundant functional groups could serve as a general support to produce metal/bamboo
functional materials for a broader range of catalytic and environmental remediation applications.

4. Materials and Methods

4.1. Materials

Air-dried moso bamboo (Phyllostachys edulis (Carr.) J.Houz.) specimens (50 (longitudinal) × 20
(tangential) × 5 mm (radial)) were derived from Zhejiang YoYu Corporation (Anji, China). Ammonium
hexafluorotitanate ((NH4)2TiF6), boracic acid (H3BO3), silver nitrate (AgNO3), and ammonia solution
(NH4OH, 25%–28%) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China). All the
chemicals used in this experiment were of analytical reagent grade. Potato dextrose agar (PDA; 1
L of water, 6 g of potato, 20 g of dextrose, and 20 g of agar, pH = 5.6) was obtained from Qingdao
Hope Bio-Technology Co., Ltd. (Qingdao, China). Deionized water (DI water) was prepared with a
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Milli-Q Advantage A10 water purification system (Millipore, Bedford, MA, USA) and used throughout
the experiments.

4.2. Preparation of the Ag NP-Decorated MT Film-Coated Bamboo (AMTB) Samples

The MT films were synthesized on the bamboo surface through a modified procedure outlined
in our previous work [13]. A (NH4)2TiF6 and H3BO3 solution was first mixed and transferred into a
50 mL Teflon-lined autoclave that contained a bamboo specimen without pH adjustment, and then
oven-heated at 90 ◦C for 2, 4, and 6 h. The resultant MT film-coated bamboo (MTB) samples were
then dried overnight at 60 ◦C. Ag NPs were embedded into the MTB samples by immersing the dried
MTB samples in 0.1 M Ag(NH3)2OH solution for 8 h at room temperature using fresh Ag(NH3)2OH
solution that was prepared via the dropwise addition of ammonia solution into aqueous AgNO3

solution until the brown precipitate was dissolved, producing a clear solution. The impregnation of
Ag NPs onto the MTB sample surface was deemed successful when the sample turned black–brown.
Finally, the resultant Ag NP-decorated MTB (AMTB) samples were washed repeatedly with DI water
and oven-dried at 50 ◦C for 24 h. Ag/bamboo (AB) samples were also prepared following the same Ag
impregnation procedure.

4.3. Characterization

XRD patterns were acquired using a Bruker AXS D8 Advance diffractometer (Bruker, Billerica,
MA, USA) with a Cu Kα (1.5406 Å) radiation source that operated at 40 kV voltage and 40 mA current.
The BET surface areas were measured from the N2 adsorption–desorption isotherms that were acquired
using a Micromeritics ASAP 2020 surface analyzer (Micromeritics, Norcross, GA, USA), with the
pore-size distribution curves calculated from the adsorption branch of the isotherm. XPS measurements
were acquired using a Thermo ESCALAB 250Xi spectrometer (Thermo Scientific, Waltham, MA, USA)
with an Al Kα X-ray source. SEM images and EDS spectra were obtained using a field-emission
SEM (Hitachi SU8010, Tokyo, Japan). Structural analysis was conducted via TEM/HRTEM (TF20, Jeol
2100F, 200kV; JEOL, Tokyo, Japan). FTIR analysis was conducted using an FTIR spectrometer (Nicolet
Magna 550; GMI, Ramsey, MN, USA) in the 4000–400 cm−1 range with KBr pellets. The UV/VIS diffuse
reflectance spectra were recorded using a UV-2550 spectrophotometer (Shimadzu, Japan) in the 250–600
nm range.

4.4. Antifungal Test

The antifungal tests of the as-prepared samples were conducted on the basis of Chinese Standard
GB/T 18261-2013. T. viride and P. citrinum were used during all the experiments because they are
common fungi that are found in infected bamboo. The fungi spores were obtained from the BeNa
Culture Collection (BNCC, Beijing, China) and needed to be activated before use. The activated fungi
spores with approximately 1 × 106 CFU/mL (CFU: colony forming unit) were inoculated onto each
PDA plate at 25 ◦C and 95% relative humidity for 7 days until sporulation. The as-prepared samples
and U-shaped glass rod was sterilized using an autoclave steam sterilizer at 121 ◦C and 0.1 MPa for
30 min (MLS-3750; Sanyo, Osaka, Japan) prior to inoculation. A sterilized U-shape glass rod (4 mm
diameter) was placed on the PDA substrate, which was covered with mycelium, and two specimens
were placed separately onto the glass rod, as shown in Figure S1. Then, the dishes were placed into a
climate chamber (BIC-400; Boxun, Shanghai, China), where temperature and relative humidity were
fixed at 25 ◦C and 95%, respectively. The tests were conducted for 28 days. The as-prepared samples
(bamboo, MTB, AB, and AMTB) were used for the antifungal tests in the absence of light irradiation.
All of the experiments were performed in sextuplet, with the mean values provided in the paper.
The fungi control effectiveness was calculated as follows: 0 rating indicated no fungal growth on the
sample surface, 1 indicated a surface infection area of less than one-quarter, 2 indicated a surface
infection area between one-quarter and one-half, 3 indicated a surface infection area between one-half
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and three-quarters, and 4 indicated a surface infection area of greater than three-quarters. Lower
infection values represented better antifungal treatment and vice versa.

4.5. Stability Evaluation

The mechanical durability and long-term stability of the ATMB samples were conducted via the
Scotch tape test, which was based on ASTM D3359-02 standard, and the 2 months exposure test in a
lab environment. Scotch tape was pressed against the AMTB substrate and subsequently peeled off,
with the peeling test repeated up to 15 times. Another group of AMTB samples was exposed in the lab
environment for 2 months. Then, these two groups of samples were incubated in a climate chamber
for 28 days at 25 ◦C and 95% relative humidity in dark conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/21/5497/s1.

Author Contributions: Conceptualization, J.L., Y.C., and D.Q.; formal analysis, M.S. and Z.W.; investigation, J.L.,
M.S., A.W., and Z.J.; methodology, J.L.; resources, Y.C. and D.Q.; writing—original draft, J.L.

Funding: The work was financially supported by the Fundamental Research Funds for the Central Non-Profit
Research Institution of CAF (CAFYBB2017MA023).

Acknowledgments: The authors would like to thank Teacher Rong from Zhejiang University for support of the
SEM analysis, Teacher Qiu from CBRC for the support of the BET analysis, and Teacher Zhang from Shiyanjia Lab
for support of the TEM analysis (http://www.Shiyanjia.com).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chang, F.-C.; Chen, K.-S.; Yang, P.-Y.; Ko, C.-H. Environmental benefit of utilizing bamboo material based on
life cycle assessment. J. Clean. Prod. 2018, 204, 60–69. [CrossRef]

2. Prosper, N.K.; Zhang, S.; Wu, H.; Yang, S.; Li, S.; Sun, F.; Goodell, B. Enzymatic biocatalysis of bamboo
chemical constituents to impart antimold properties. Wood Sci. Technol. 2018, 52, 619–635. [CrossRef]

3. Wu, Z.; Huang, D.; Wei, W.; Wang, W.; Wang, X.; Wei, Q.; Niu, M.; Lin, M.; Rao, J.; Xie, Y. Mesoporous
aluminosilicate improves mildew resistance of bamboo scrimber with CuBP anti-mildew agents. J. Clean.
Prod. 2019, 209, 273–282. [CrossRef]

4. Cheng, D.; Jiang, S.; Zhang, Q. Mould resistance of Moso bamboo treated by two step heat treatment with
different aqueous solutions. Eur. J. Wood Wood Prod. 2013, 71, 143–145. [CrossRef]

5. Kang, F.; Yu, C.; Huang, Q.; Wei, Y.; Zhang, R.; Fei, Y. Advances in application of microwave technology to
pest quarantine. Plant Prot. 2009, 6, 36–39.

6. Hastrup, A.C.S.; Iii, F.G.; Clausen, C.A.; Bo, J. Tolerance of Serpula lacrymans to copper-based wood
preservatives. Int. Biodeter. Biodegr. 2005, 56, 173–177. [CrossRef]

7. Guo, H.; Bachtiar, E.V.; Ribera, J.; Heeb, M.; Schwarze, F.W.M.R.; Burgert, I. Non-biocidal preservation of
wood against brown-rot fungi with TiO2/Ce Xerogel. Green Chem. 2018, 20, 1375–1382. [CrossRef]

8. Sun, F.; Ma, L.; Chen, A.; Duan, X. Mould-resistance of bamboo treated with the compound of chitosan-copper
complex and organic fungicides. J. Wood Sci. 2012, 58, 51–56. [CrossRef]

9. Xu, G.; Wang, L.; Liu, J.; Hu, S. Decay resistance and thermal stability of bamboo preservatives prepared
using camphor leaf extract. Int. Biodeter. Biodegr. 2013, 78, 103–107. [CrossRef]

10. Li, J.; Hui, Y.; Wu, Z.; Jin, W.; Sheng, H.; Jian, J.; Li, N.; Bao, Y.; Huang, C.; Chen, Z. Room temperature
synthesis of crystalline anatase TiO2 on bamboo timber surface and their short-term antifungal capability
under natural weather conditions. Colloid. Surface. Asp. 2016, 508, 117–123. [CrossRef]

11. Li, J.; Wu, Z.; Bao, Y.; Chen, Y.; Huang, C.; Li, N.; Sheng, H.; Chen, Z. Wet chemical synthesis of ZnO
nanocoating on the surface of bamboo timber with improved mould-resistance. J. Saudi Chem. Soc. 2017, 21,
920–928. [CrossRef]

12. Li, J.; Ren, D.; Wu, Z.; Huang, C.; Yang, H.; Chen, Y.; Hui, Y. Visible-light-mediated antifungal bamboo based
on Fe-doped TiO2 thin films. RSC Adv. 2017, 7, 55131–55140. [CrossRef]

13. Ren, D.; Li, J.; Bao, Y.; Wu, Z.; He, S.; Wang, A.; Guo, F.; Chen, Y. Low-temperature synthesis of flower-like
ZnO microstructures supported on TiO2 thin films as efficient antifungal coatings for bamboo protection
under dark conditions. Colloid. Surface. Ase. 2018, 555, 381–388. [CrossRef]

93



Int. J. Mol. Sci. 2019, 20, 5497

14. Ren, D.; Li, J.; Xu, J.; Wu, Z.; Chen, Y. Efficient Antifungal and Flame-Retardant Properties of
ZnO-TiO2-Layered Double-Nanostructures Coated on Bamboo Substrate. Coatings 2018, 8, 341. [CrossRef]

15. Ales, P.; Milan, K.; Renata, V.; Robert, P.; Jana, S.; Vladimír, K.; Petr, H.; Radek, Z.; Libor, K. Antifungal
activity of silver nanoparticles against Candida spp. Biomater. 2009, 30, 6333–6340.

16. Liong, M.; France, B.; Bradley, K.A.; Zink, J.I. Antimicrobial Activity of Silver Nanocrystals Encapsulated in
Mesoporous Silica Nanoparticles. Adv. Mater. 2010, 21, 1684–1689. [CrossRef]

17. Svitlana, C.; Matthias, E. Silver as antibacterial agent: Ion, nanoparticle, and metal. Angew. Chem. Int. Edit.
2013, 44, 1636–1653.

18. Mohammad, K.A.; Yazdanshenas, M.E. Superhydrophobic antibacterial cotton textiles. J. Colloid Inter. Sci.
2010, 351, 293–298.

19. Kim, M.; Byun, J.W.; Shin, D.S.; Lee, Y.S. Spontaneous formation of silver nanoparticles on polymeric
supports. Mater. Res. Bull. 2009, 44, 334–338. [CrossRef]

20. Shah, M.S.A.S.; Nag, M.; Kalagara, T.; Singh, S.; Manorama, S.V. Silver on PEG-PU-TiO2 Polymer
Nanocomposite Films: An Excellent System for Antibacterial Applications. Chem. Mater. 2008, 20,
2455–2460. [CrossRef]

21. Tian, Y.; Qi, J.; Zhang, W.; Cai, Q.; Jiang, X. Facile, one-pot synthesis, and antibacterial activity of mesoporous
silica nanoparticles decorated with well-dispersed silver nanoparticles. ACS Appl. Mater. Interfaces 2014, 6,
12038–12045. [CrossRef] [PubMed]

22. Lu, Q.; Lu, Z.; Lu, Y.; Lv, L.; Ning, Y.; Yu, H.; Hou, Y.; Yin, Y. Photocatalytic synthesis and photovoltaic
application of Ag-TiO2 nanorod composites. Nano. Lett. 2013, 13, 5698–5702. [CrossRef] [PubMed]

23. Gao, H.; Liu, L.; Luo, Y.-f.; Jia, D.-m. In-situ preparation of epoxy/silver nanocomposites by thermal
decomposition of silver–imidazole complex. Mater. Lett. 2011, 65, 3529–3532. [CrossRef]

24. Yu, B.; Zhou, Y.; Li, P.; Tu, W.; Tang, L.; Ye, J.; Zou, Z. Photocatalytic reduction of CO2 over Ag/TiO2

nanocomposites prepared with a simple and rapid silver mirror method. Nanoscale 2016, 8, 11870–11874.
[CrossRef]

25. Xin, T.; Zhou, Z.K.; Gang, L.; Shen, B.; Kang, P.D.; Jian, L.; Qi, L.; Pei, F.X. High-Value Utilization of Lignin
to Synthesize Ag Nanoparticles with Detection Capacity for Hg2+. ACS Appl. Mater. Interfaces 2014, 6,
16147–16155.

26. El Mansouri, N.E.; Salvadó, J. Analytical methods for determining functional groups in various technical
lignins. Ind. Crop. Prod. 2007, 26, 116–124. [CrossRef]

27. Chen, F.; Gong, A.S.; Zhu, M.; Chen, G.; Lacey, S.D.; Feng, J.; Li, Y.; Wang, Y.; Dai, J.; Yao, Y. Mesoporous,
Three-Dimensional Wood Membrane Decorated with Nanoparticles for Highly Efficient Water Treatment.
ACS Nano 2017, 11, 4275–4282. [CrossRef]

28. Ji, T.; Long, C.; Schmitz, M.; Bao, F.S.; Zhu, J. Hierarchical Macrotube/Mesopore Carbon Decorated with
Mono-dispersed Ag Nanoparticles as Highly Active Catalyst. Green Chem. 2015, 17, 2515–2523. [CrossRef]

29. Jin, C.; Yao, Q.; Li, J.; Fan, B.; Sun, Q. Fabrication, superhydrophobicity, and microwave absorbing properties
of the magnetic γ-Fe2O3/bamboo composites. Mater. Design 2015, 85, 205–210. [CrossRef]

30. Strassberger, Z.; Prinsen, P.; van der Klis, F.; van Es, D.S.; Tanase, S.; Rothenberg, G. Lignin solubilisation and
gentle fractionation in liquid ammonia. Green Chem. 2015, 17, 325–334. [CrossRef]

31. Owen, N.L.; Pawlak, Z. An infrared study of the effect of liquid ammonia on wood surfaces. J. Mol. Struct.
1989, 198, 435–449. [CrossRef]

32. Zhang, P.; Shao, C.; Zhang, Z.; Zhang, M.; Mu, J.; Guo, Z.; Liu, Y. In situ assembly of well-dispersed Ag
nanoparticles (AgNPs) on electrospun carbon nanofibers (CNFs) for catalytic reduction of 4-nitrophenol.
Nanoscale 2011, 3, 3357–3363. [CrossRef] [PubMed]

33. Wang, S.; Gong, Q.; Zhu, Y.; Liang, J. Preparation and photocatalytic properties of silver nanoparticles loaded
on CNTs/TiO2 composite. Appl. Surf. Sci. 2009, 255, 8063–8066. [CrossRef]

34. Cai, Q.; Fan, Z.; Chen, J.; Guo, W.; Ma, F.; Sun, S.; Hu, L.; Zhou, Q. Dissolving process of bamboo powder
analyzed by FT-IR spectroscopy. J. Mol. Struct. 2018, 1171, 639–643. [CrossRef]

35. Li, J.; Ren, D.; Wu, Z.; Xu, J.; Bao, Y.; He, S.; Chen, Y. Flame retardant and visible light-activated Fe-doped
TiO2 thin films anchored to wood surfaces for the photocatalytic degradation of gaseous formaldehyde. J.
Colloid Interf. Sci. 2018, 530, 78–87. [CrossRef]

36. Liu, S.; Sun, X.; Li, J.G.; Li, X.; Xiu, Z.; Huo, D. Synthesis of Dispersed Anatase Microspheres with Hierarchical
Structures via Homogeneous Precipitation. Eur. J. Inorg. Chem. 2009, 2009, 1214–1218. [CrossRef]

94



Int. J. Mol. Sci. 2019, 20, 5497

37. Liu, S.; Wang, W.; Chen, J.; Li, J.-G.; Li, X.; Sun, X.; Dong, Y. Foamed single-crystalline anatase nanocrystals
exhibiting enhanced photocatalytic activity. J. Mater. Chem. A 2015, 3, 17837–17848. [CrossRef]

38. Li, Z.; Jia, Z.; Ni, T.; Li, S. Green and facile synthesis of fibrous Ag/cotton composites and their catalytic
properties for 4-nitrophenol reduction. Appl. Surf. Sci. 2017, 426, 160–168. [CrossRef]

39. Tolba, R.; Tian, M.; Wen, J.; Jiang, Z.-H.; Chen, A. Electrochemical oxidation of lignin at IrO2-based oxide
electrodes. J. Electroanal. Chem. 2010, 649, 9–15. [CrossRef]

40. Li, M.; Noriega-Trevino, M.E.; Nino-Martinez, N.; Marambio-Jones, C.; Wang, J.; Damoiseaux, R.; Ruiz, F.;
Hoek, E.M. Synergistic bactericidal activity of Ag-TiO2 nanoparticles in both light and dark conditions.
Environ. Sci. Technol. 2011, 45, 8989–8995. [CrossRef]

41. Jin, Y.; Dai, Z.; Liu, F.; Kim, H.; Tong, M.; Hou, Y. Bactericidal mechanisms of Ag2O/TNBs under both dark
and light conditions. Water Res. 2013, 47, 1837–1847. [CrossRef] [PubMed]

42. Liu, C.; Geng, L.; Yu, Y.; Zhang, Y.; Zhao, B.; Zhang, S.; Zhao, Q. Reduction of bacterial adhesion on Ag-TiO2

coatings. Mater. Lett. 2018, 218, 334–336. [CrossRef]
43. Perkas, N.; Lipovsky, A.; Amirian, G.; Nitzan, Y.; Gedanken, A. Biocidal properties of TiO2 powder modified

with Ag nanoparticles. J. Mater. Chem. B 2013, 1, 5309–5316. [CrossRef]
44. Esfandiari, N.; Simchi, A.; Bagheri, R. Size tuning of Ag-decorated TiO2 nanotube arrays for improved

bactericidal capacity of orthopedic implants. J. Biomed. Mater. Res. A 2014, 102, 2625–2635. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

95





 International Journal of 

Molecular Sciences

Article

Silver Nanoparticles Addition in Poly(Methyl
Methacrylate) Dental Matrix: Topographic and
Antimycotic Studies

Valeria De Matteis 1,*, Mariafrancesca Cascione 1,*, Chiara Cristina Toma 1, Giovanni Albanese 2,

Maria Luisa De Giorgi 1, Massimo Corsalini 3 and Rosaria Rinaldi 1

1 Department of Mathematics and Physics “Ennio De Giorgi”, University of Salento, 73100 Lecce (LE), Italy;
chiara.toma@unisalento.it (C.C.T.); Marialuisa.degiorgi@unisalento.it (M.L.D.G.);
Ross.rinaldi@unisalento.it (R.R.)

2 U.O.C. of Plastic Surgery and Burns Center, Department of Oral Hygiene Clini, Hospital “A. Perrino”,
72100 Brindisi (BR), Italy; giannialbanese69@libero.it

3 Dental School, Interdisciplinary Department of Medicine, University of Bari “Aldo Moro”, 70124 Bari (Ba),
Italy; massimo.corsalini@uniba.it

* Correspondence: valeria.dematteis@unisalento.it (V.D.M.); mariafrancesca.cascione@unisalento.it (M.C.)

Received: 2 August 2019; Accepted: 19 September 2019; Published: 21 September 2019

Abstract: The widespread use of nanoparticles (NPs) in medical devices has opened a new scenario
in the treatment and prevention of many diseases and infections owing to unique physico-chemical
properties of NPs. In this way, silver nanoparticles (AgNPs) are known to have a strong antimicrobial
activity, even at low concentrations, due to their ability to selectively destroy cellular membranes.
In particular, in the field of dental medicine, the use of AgNPs in different kinds of dental prosthesis
matrixes could be a fundamental tool in immunodepressed patients that suffer of different oral
infections. Candida albicans (C. albicans), an opportunistic pathogenic yeast with high colonization
ability, is one of the causative agents of oral cavity infection. In our work, we added monodispersed
citrate-capping AgNPs with a size of 20 nm at two concentrations (3 wt% and 3.5 wt%) in poly(methyl
methacrylate) (PMMA), the common resin used to develop dental prostheses. After AgNPs
characterization, we evaluated the topographical modification of PMMA and PMMA with the
addition of AgNPs by means of atomic force microscopy (AFM), showing the reduction of surface
roughness. The C. albicans colonization on PMMA surfaces was assessed by the Miles and Misra
technique as well as by scanning electron microscopy (SEM) at 24 h and 48 h with encouraging results
on the reduction of yeast viability after AgNPs exposure.

Keywords: silver nanoparticles; Candida albicans; poly(methyl methacrylate); dental prostheses

1. Introduction

In the last century, several materials have been employed in dental and mandibular prosthetic
reconstructions. Among the others, poly(methylmethacrylate) (PMMA) resin is widely used in medical
and dental fields as a matrix in different kinds of removable or implantable devices due to its high
biocompatibility, low cost, and ease of manufacture [1,2].

Nevertheless, clinical evidence has shown that dental prosthetic devices, mainly based on PMMA
resins, undergo a proliferation of C. albicans infections [3–5], which affects their lifetime. Indeed, C.
albicans is a pleomorphic fungus that is commensal of gastrointestinal microbiota [5] and, in case of
immunodeficiency, the frequency of candidiasis can increase [6–8].

In order to eradicate C. albicans infections, several protocols for the periodic chemical cleaning
of prostheses have been proposed; however these solutions are not definitive and, in addition, the
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treatment repetition causes damage to prosthesis surfaces, eventually compromising the longevity of
implants [9–13].

Moving from these observations, structural modifications of PMMA matrices at nanoscale could
be a possible strategy to improve their performance; in particular, resin implementation with NPs
offers many advantages. Metal NPs, such as gold NPs (AuNPs) or titanium dioxide NPs (TiO2NPs),
as well as mesoporous silica NPs (MSN), have been added to different kinds of biomaterials, such as
PMMA-based matrices [14].

Lee et al. [15] employed MSN (2.5 wt%) as additive in PMMA obtaining a microbial reduction of
20–30% compared to the control samples, but this result needs to be improved.

Recently, Kim et al. [16] used carbon nanotubes (CNT) (0.25/2 wt%) as an additive in PMMA
finding a reduction of C. albicans, S. aureus, and S. mutans adhesions of 35–95%. However, there
are many concerns about the use of CNTs for clinical purposes [17]. AgNPs are the most used
nanomaterial in different commercial products [18–20] and they are strong antibacterial [21] and
antimycotic agents [22,23] as well as an anticancer tool [24,25] through their plasmonic features [26,27].
The exact mechanism of AgNPs toxicity is still unclear despite much evidence that has suggested it is
their ability to release silver ions (Ag+) [28], stimulating molecular pathways that induce cell death [29].
Regarding the antimycotic properties, their activity against C. albicans has been demonstrated [30,31].
Panácek et al. [32] synthetized AgNPs by modified Tollens route, showing the antimycotic ability of
NPs through an antiproliferation effect, even at low concentration (0.21 mg/mL). Similar results were
obtained by Kim et al. [33]: AgNPs exhibited a strong inhibition activity on C. albicans that was greater
than fluconazole, the drug usually used against the yeast. The antibacterial and antifungal activities of
AgNPs support their employment in the biomedical field for prostheses and implants; in fact, the C.
albicans infection is particularly aggressive on device surfaces due to their ability to develop biofilms
on different materials (biological or inert) [34]. Roe et al. [35] showed the anti-growth ability of AgNPs
on C. albicans in plastic catheters. Similar results were obtained by Hassan et al. [36], in comparison
with the antifungal drugs grisofulvin, and itraconazole. In dental prostheses, AgNPs could reduce the
oropharyngeal candidiasis which spreads in immune compromised individuals [37].

In our work we synthetized monodispersed citrate capped-AgNPs, having a mean size of 20 nm,
and we added them in PMMA acrylic resin at two different concentrations (3 wt% and 3.5 wt%).

The morphology of PMMA matrices enriched with AgNPs were characterized in terms of
roughness by atomic force microscopy (AFM). Our results showed a strong reduction of roughness
parameter, affecting the colonization and the proliferation of yeast, as confirmed by the Miles and
Misra test and SEM analysis.

2. Results and Discussion

The use of PMMA is widespread in dental and esthetic industries due to its low cost, but its
surface porosity leads to several disadvantages [38]. Indeed, the dimensional instability of this material
during the conventional heat-curing phase increases the number of pores in PMMA matrix becoming
a suitable surface for microorganisms [39]. In addition, the hydrophobicity of PMMA contributes
to increase C. albicans colonization [39,40]. In this work, we synthetized and characterized citrate
capped-AgNPs, adding them to PMMA acrylic resin in order to improve its characteristics.

The morphology of AgNPs were characterized by TEM: They exhibited a spherical size of
20 ± 3 nm (Figure 1a), as showed on size distribution graph performed on 270 AgNPs (Figure 1b).
The size of NPs was confirmed by DLS measurements: The hydrodynamic radius was compatible
with the mean size values noticed in TEM acquisitions (19 ± 2) nm (Figure 1c).

UV measurements on AgNPs dispersed in ultrapure water showed the peak in UV region at
~400 nm of wavelength (Figure 1d). The surface charge was measured by ζ-potential measurements,
showing the negative surface charge of NPs (−55 ± 2 mV), due to the citrate capping contribution
(Figure 1e).
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Figure 1. Characterizations of silver nanoparticles (AgNPs) in water: Representative TEM image (a),
size distribution measured on 270 AgNPs and fitted with a normal function (solid line) (b), DLS (c),
UV–vis (d) and ζ-potential measurement (e).

After NPs characterizations, we analyzed the morphology of PMMA-based resin, with and without
AgNPs addition, at two concentrations (C1: 3 wt% and C2: 3.5 wt%). We retain that dental material
architecture affects not only their performance, but also influences microbiological susceptibility.

In general, subjects wearing dental prostheses show an acidic and anaerobic oral environment,
due to the adhesion between the oral mucosa and the prosthesis that is deprived of oxygen and
saliva [41,42]. In addition, any small trauma on the mucosa caused by dental tools increases the
permeability of C. albicans to invade the surrounding tissues [43]. In subjects suffering oral stomatitis
and immunodeficiency, the C. albicans colonies produce acid proteinase and phospholipase on the
surface prosthesis that promoted the adherence of the growing yeast, inducing several types of
damage [44]. In this way, the Van der Waals and electrostatic forces between the yeast (that has a
negative surface charge) and the surface play an important role [45]: Indeed, these forces promoted the
adhesion that can be strong or less dependent on surface topography and chemistry [46]. Therefore,
chemical modification of the surface charge of PMMA is important to prevent C. albicans adhesion.
The addition of negative charged AgNPs reduced the roughness and yeast colonization on PMMA.

At the two tested AgNPs concentrations (C1: 3 wt% and C2: 3.5 wt%), a little color change (from
pink to dark pink/beige) of the PMMA resins, as consequence of AgNPs addition, was observed and
compared to the untreated PMMA (Figure 2a–c).

In order to quantify topographical differences of PMMA due to the presence of AgNPs, the
surfaces roughness was measured by means of AFM. Topographic images (Figure 2d–f), clearly showed
a flatter surface when AgNPs were implemented in PMMA in a dose dependent manner.

In fact, the PMMA surface was irregular and a lot of scratches and valleys were visualized (as
indicated by a colorimetric scale associated to height of the sample); on the contrary, the presence of
AgNPs in the matrix reduced sharp height alterations.
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Figure 2. Images acquired by camera of poly(methyl methacrylate) (PMMA) without NPs added
(control) (a); PMMA + AgNPs C1 (3 wt%) (b) and PMMA + AgNPs C2 (3.5 wt%) (c): The color became
darker with increasing concentrations of the NPs. AFM topographical acquisitions of PMMA without
NPs added (control) (d); PMMA + AgNPs C1 (3 wt%) (e) and PMMA + AgNPs C2 (3.5 wt%) (f).

The topographical changes due to AgNP treatments were evident in cross-section profiles of
PMMA surface (Figure 3a–c): Images showed flatter profiles after AgNP addition in dose dependent
manner. This effect was quantified in terms of roughness (Rq) parameter.

These data were also confirmed from a quantitative point of view: Rq surface values of untreated
PMMA changed from 123 ± 15 nm to 61 ± 6 nm and to 41 ± 3 nm, after AgNP addition at C1 and C2,
respectively. Some experimental evidence reported how the ability of C. albicans to invade surfaces was
related to roughness [47]; consequently, a smooth surface could decrease yeast colonization (Figure 3d).

Several investigators have shown that the radiation or the chemotherapy treatment in some kinds
of cancers result in saliva pH change toward acidity and an increased incidence of C. albicans [48].
Some of these alterations have been recorded in patients with endstage renal disease [49] and
diabetes [50]. In this environment, AgNPs have undergone a degradation process: The effect was
particularly evident in acidic conditions [28]. For this reason, we tested the Ag+ degradation from
PMMA–AgNPs C2 samples at seven pH points (from 4.5 to 7.5) up to 48 h. As showed in Figure 4,
the effect was time and pH dependent: When pH values were lowered, the effect was stronger.
For example, after 48 h, the Ag+ release was 35 × 10−5% for pH 4.5 in comparison with 0.48 × 10−5%
at pH 7.5. However, the concentration of ions released from PMMA was very low and it was not
considered toxic to human cells [28]. The disruption of C. albicans instead occurred even at slight Ag+

concentration [51–53].
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Figure 3. Representative cross-section profiles of PMMA surfaces without NPs added (a), PMMA +
AgNPs C1 (3 wt%) (b) and PMMA + AgNPs C2 (3.5 wt%) (c). Roughness Rq values (nm) quantified on
PMMA surfaces without NPs added (a), PMMA + AgNPs C1 (3 wt%) (b) and PMMA + AgNPs C2
(3.5 wt%) (c). (d) Data reported were calculated as average ± SD on three independent experiments,
and the statistical significance respect to the control was represented (*** p-value < 0.005).

Figure 4. Effects of pH on Ag+ release from PMMA–AgNPs C2 (3.5 wt%). NP degradation was
evaluated at pH 4.5, 5, 5.5, 6, 6.5, 7.5, and 7 up to 48 h.

When AgNPs were added to PMMA, these not only filled up the pores of the matrix, as reported
by AFM analysis, but also probably made the PMMA surface electrically negative, due to their citrate
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capping. Moving from these observations, we speculated that AgNPs features could reduce the C.
albicans colonization, so we carried out proliferation and adhesion tests.

The Miles and Misra plate assay [54] was performed to assess the number of viable C. albicans
CFU on PMMA, with and without the addition of AgNPs, at two tested concentrations (Figure 5).
As reported, after 24 h of incubation, the CFU/mL were (2.6 × 106 ± 0.6) for PMMA–Ag C1 (3 wt%)
and (1.8 × 106 ± 0.03) for PMMA–Ag C2 (3.5 wt%), respectively, whereas for the control PMMA we
recorded (4 × 106 ± 0.58) CFU/mL.

 

Figure 5. Viability of C. albicans on PMMA–AgNPs C1 (3 wt%) and PMMA–AgNPs C2 (3.5 wt%)
were assessed by colony forming units (CFU) counts (the Miles and Misra test) after 24 h and 48 h
of incubation. PMMA without AgNPs were also included as negative control. Data reported were
calculated as average ± SD on three independent experiments, and the statistical significance respect to
the control was represented (*** p-value < 0.005).

Extending the time of incubation from 24 h to 48 h, the reduction of viability was more evident:
when AgNPs were added in PMMA at higher concentration C2, CFU/mL was only (0.41 × 106 ± 0.43),
whereas on the PMMA without NPs (control) the CFU/mL was (7 × 106 ± 1.03). Similar value was
recorded for the blank: CFU/mL was (7.73 × 106 ± 1.09), which referred to the CFU/mL of C. albicans
grown in standard conditions for 48 h. Our data confirmed the antimicrobial properties of AgNPs
against C. albicans in agreement with previous works [30,55].

We analyzed the ability of yeast to adhere on dental materials using PMMA–AgNPs C2 matrices
and incubating them with C. albicans for 24 h 48 h. In details, at 48 h we assessed the surfaces of resins
with and without AgNPs by SEM analysis (Figure 6). At time 0, little and isolated C. albicans colonies
were found on the PMMA surface (data not shown), whereas, after 24 h, densely-packed yeast cells
covering the entire surface were observed, using three different magnifications (2000×, 1000×, and
500×). At the same time point, the PMMA samples with AgNP addition showed a reduction of colonies
that was evident after 48 h. We speculated that the reduction of colonization was mainly due to PMMA
surface modifications exerted by AgNPs but also to AgNPs toxicity effects against microorganisms.
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Figure 6. Representative SEM images at 3 magnifications (×2000, ×1000, ×500) of PMMA without NPs
and after the addition of PMMA–AgNPs C2 (3.5 wt%) at different time points (24 h and 48 h).

The SEM acquisitions were used to assess the circularity of C. albicans. In general, the circularity
parameter compares an object to a circle and it ranges from 0 to 1 (for a perfect circle) [56]. In our
case, the loss of circularity corresponded to an increase of yeast mortality [57]. The morphology of
control C. albicans, examined by SEM, exhibited homogeneous and regular cell surface both to 24 h and
48 h. Treated cells, in particular at 48 h, started to assume an abnormal appearance, reducing their
circularity (Figure 6). This represented a first step that occurred at short times (24 and 48 h): in fact,
at longer times the toxicity can be visualized due to the assumption of an irregular morphology, as
demonstrated in previous studies [32,58,59].

The circularity of C. albicans growth on PMMA was 0.91 ± 0.05 at 24 h and 0.92 ± 0.04 at 48 h.
After the addition of AgNPs (C2), the circularity values were reduced from 0.85 ± 0.06 to 0.81 ± 0.08 at
24 and 48 h, respectively (Figure 7).

In order to establish the percentage of area covered by yeast on pure PMMA and PMMA–AgNPs
C2, we used the software ImageJ (Figure 8). After 24 h of C. albicans incubation, the area covered by the
microorganism was 66% ± 4% on the PMMA surface; it decreased to 36% ± 2% of coverage when the
yeast was exposed to PMMA–AgNPs C2. After 48 h, the control colonization value 90% ± 3% was
drastically reduced after AgNP addition, becoming 6% ± 1%. We speculated that the reduction of C.
albicans adhesion on dental resins affected biofilm formation and influenced yeast viability [60,61].
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Figure 7. Histogram reported the mean values and their respective standard deviation of C. albicans
circularity measured by ImageJ software on SEM acquisitions. The statistical significance of results
respect to control cells was evaluated by t-test, and reported in histograms (** p < 0.01 and *** p < 0.005).

Figure 8. Histograms reported the colonization assay experiments of C. albicans on PMMA and
PMMA–AgNPs C2 substrates. The analysis was conducted by ImageJ software on SEM acquisitions.
The colonized area (e) was expressed as a percentage rate of the C. albicans covered area respect to
entire acquired surface at two time points (24 and 48 h). Data reported were calculated as average ± SD
on three independent experiments, and the values were considered statistically significant respect to
control for p-value < 0.05 (<0.05, <0.01 *, and <0.005 ***).

The obtained results indicated that the implementation with AgNPs improved the performance of
PMMA in prosthetic devices. In fact, we found that PMMA/AgNPs composite material had superficial
structures that inhibited the colonization and viability of C. albicans. Currently, the development of
C. albicans infections represents one of the main limitations to the duration of dental implants; for
this reason, we strongly believe that the achievements of our work could have great impact in the
biomedical and dentistry fields because they provide a preventative strategy for candidal biofilms
formation on the denture surfaces.
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3. Materials and Methods

3.1. Synthesis of AgNPs

AgNPs were obtained following the route described in [28]. Briefly, AgNO3 (0.592 mM final
concentration) aqueous solution was added to trisodium citrate (1.36 mM) and tannic acid (2.9 μM)
and boiled at 120 ◦C. Then, the solution was cooled at room temperature and centrifuged at 6000× g
for 45 min. AgNPs were collected and stored in the dark at 4 ◦C.

3.2. Transmission Electron Microscope (TEM), Dynamic Light Scattering (DLS), ζ-Potential, UV–vis
Measurements (UV–Vis)

TEM images were recorded by a JEOL Jem 1011 microscope operating at an accelerating voltage of
100 kV. TEM samples were prepared by dropping a dilute solution of AgNPs in water on carbon-coated
copper grids (Formvar/Carbon 300 Mesh Cu). Microscopy observations were made by means of a
Scanning Electron Microscope (SEM, JEOL JSM-6480LV operating at an accelerating voltage of 10 kV,
JEOL USA, Inc., Peabody, MA, USA). The sample was prepared by dropping a solution of AgNPs
in water on monocrystalline silicon wafer. DLS and ζ-Potential measurements were performed on a
Zetasizer Nano ZS90 (Malvern, Worcestershire, UK). Measurements were made at 25 ◦C in milliQ water
and in cell culture medium used for cell experiments after 48 h of incubation. The optical absorbance
spectra of AgNPs in water was measured with a Cary 300 UV–vis spectrophotometer (Varian, Palo
Alto Palo Alto, California, USA) at a resolution of 1 nm using 5 mm path length quartz cuvettes.

3.3. Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES)

To quantify the metal content of NPs, after centrifuge in water, a little amount of solution was
collected and digested by the addition of a solution of HNO3 10% (v/v) over night. Afterwards, after
dilution of ultrapure water, the amount of free ions was measured by ICP-AES (Varian Vista AX
spectrometer, Palo Alto, California, USA).

The evaluation of AgNP ions release was performed at 37 ◦C at specific pH conditions ranged
from 4.5 to 7.5. Acidic pH points (4.5, 5, 5.5, 6, 6.5) were prepared adding HCl to MilliQ water, whereas
pH 7.5 was obtained adding NaOH. In each solution, three replicates of PMMA–AgNPs C2 were added.
The ions release was analyzed at 24 h and 48 h. At each time points the solutions were collected and
digested by the addition of of HNO3 10% (v/v), and the number of free ions was measured by ICP-AES.

3.4. Synthesis of PMMA Resin/ AgNPs Composite Material

3 wt% and 3.5 wt% of AgNPs were added to 5 g of powder Resin Paladon 65 (Kulzer) and
manually mixed using a steel spatula. After 3 min, the resin turned from a semi-liquid state to a
semi-viscous phase and was pour slowly into silicon molds (80 shore). Then, the samples were inserted
into a polymerization machine (Pentatlon 205, Effegi Brega, Sarmato, PC - Italy) for 30 min at 100 ◦C of
temperature and 5 atm of pressure.

After polymerization, all the samples were treated after polymerization as follows:

a. Stitch—with a multi-blade tungsten carbide bur mounted on a rotating instrument (50,000 rpm);
b. Finishing—obtained in two-step: The first, using a thin abrasive cloth (75 microns) mounted on

a spindle and, the second with a fine-grain finishing cutter (50 microns) mounted on a rotating
instrument (50,000 rpm);

c. Polishing—also obtained in two stages, the first, by using a cotton cloth brush mounted on a
laboratory cleaner with water and pumice powder, and the second step with a dry cotton canvas
and polishing liquid for resins (Dentaurum, Ispringen, Deutschland).

105



Int. J. Mol. Sci. 2019, 20, 4691

3.5. Atomic Force Microscopy (AFM) Analysis

The experiments were conducted by means of an advanced scanning probe microscope (Bioscope
Catalyst, Bruker Inc., Santa Barbara, CA, USA), implemented on an inverted optical microscope (Zeiss
Observer Z1, Zeiss, Jena, Germany). The whole system is placed on an insulating base to minimize
effects of environmental mechanical vibrations on measurements. The experiments were performed
using a V-shaped Bruker’s Sharp Microlever (MSNL, Bruker Inc., USA), that consists in high sensitivity
Silicon Nitride cantilever. The topographic images were acquired on 50 × 50 μm scan area at resolution
of 512*512. The images were analyzed by NanoScope Analysis software (Bruker Inc., USA) in order
to quantify roughness parameters, and thus evaluate porosity at surface level. The roughness was
expressed as Rq. In details, Rq was calculated as root mean square of height fluctuations respect
to mean height value obtained by all data image, previously treated with a second order plane fit
and with a second order flattening for deleting every bow and minimizing tridimensionality effects.
To obtain a more accurate estimate of local roughness, Rq value was reckoned as the mean value of 20
selected areas of 3 × 3 um.

3.6. Microbiological Tests

3.6.1. C. albicans Culture Conditions

For the preparation of the C. albicans suspensions, the cells were inoculated in Sabouraud dextrose
broth (SDB) (Oxoid, Hampshire, UK), incubated for 18 h at 37 ◦C with shaking at 150 rpm and cultivated
as working stock. In order to perform the experiments, yeast cells were harvested by centrifugation at
3000× g for 10 min and then washed twice with phosphate-buffered saline (PBS, pH 7.0); finally, cell
density was adjusted to 1 × 107 cells/mL in SDB.

3.6.2. C. albicans Viability Analysis by Colony Forming Units (CFU)

CFU analysis was performed to test the effect of PMMA/AgNPs composite materials against C.
albicans. PMMA resins, with AgNPs (3% and 3.5%) or without them as negative control, were incubated
with 1 mL of yeast cell suspension (1 × 107 cells/mL) for 24 and 48 h, then the Miles and Misra technique
was employed [54]. Serial dilutions of C. albicans grown in presence of dental resins were plated on
SDB agar Petri dishes and incubated at 37 ◦C for 24 h. Colonies were manually counted and the CFU
was calculated using the following formula: CFU = Number of Colonies Counted/[Amount plated (in
mL) × the dilution].

3.6.3. C. albicans Adhesion Test

Initial adhesion and colonization of C. albicans on the surface of the samples were evaluated by
adherence assays. The discs of dental materials with AgNPs (3.5 wt%) were placed in a 24-well tissue
culture plate (Corning, St. Louis, MO, USA), and 1 mL of the yeast cell suspension (1 × 107 cells/mL)
was added. Resins without AgNPs represented negative control. The samples were incubated with C.
albicans suspension at 37 ◦C for 24 and 48 h respectively. Then, dental materials were gently washed
with sterile PBS to remove non-adherent cells, while remaining adherent cells were fixed by immersion
in methanol (50% v/v) for 2 min and then left to dry.

3.6.4. Analysis of C. albican Adhesion by Scanning Electron Microscopy (SEM) Acquisitions

After fixation, the samples were coated with gold (10 nm) and examined in a scanning electron
microscope (SEM) JEOL JSM-6480LV (JEOL USA, Inc., Peabody, MA, USA) with a magnification up to
2000× operating at a maximum accelerating voltage of 20 kV. After SEM acquisitions, the yeast-free
area in the captured images was manually traced and quantified using ImageJ public domain software
(NIH) and its specific tools. Circularity values were obtained as means calculated on 20 C. albicans cells
and statistically analyzed by means of a paired two-tailed t-test.
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Data reported were calculated as average ± SD on three independent experiments, and the values
were considered statistically significant with respect to control for p-value < 0.05 (<0.05 *, <0.01 ** and
<0.005 ***).

4. Conclusions

Nowadays, PMMA represents suitable material for fabrication of full denture structures and
removable devices, thanks to its intrinsic material properties and its high biocompatibility. Nevertheless,
PMMA dental prostheses are subject to the colonization of C. albicans, inducing the development of
serious oral infections. In this experimental work, we demonstrated how AgNP addition in acrylic
resin matrix decreases the surface roughness, reducing the viability of C. albicans as consequence of a
reduction of its ability to adhere and colonize PMMA dental prostheses. The results obtained open
new perspectives in dentistry and they could be useful to increase the performance of the removable
prosthesis by improving the patients’ quality of life by reducing oral infections.
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Abstract: Silver nanoparticles (AgNPs) are an attractive alternative to plasmonic gold nanoparticles.
The relative cheapness and redox stability determine the growing interest of researchers in obtaining
selective plasmonic and electrochemical (bio)sensors based on silver nanoparticles. The controlled
synthesis of metal nanoparticles of a defined morphology is a nontrivial task, important for such
fields as biochemistry, catalysis, biosensors and microelectronics. Cyclophanes are well known for
their great receptor properties and are of particular interest in the creation of metal nanoparticles due
to a variety of cyclophane 3D structures and unique redox abilities. Silver ion-based supramolecular
assemblies are attractive due to the possibility of reduction by “soft” reducing agents as well as
being accessible precursors for silver nanoparticles of predefined morphology, which are promising
for implementation in plasmonic sensors. For this purpose, the chemistry of cyclophanes offers a
whole arsenal of approaches: exocyclic ion coordination, association, stabilization of the growth
centers of metal nanoparticles, as well as in reduction of silver ions. Thus, this review presents the
recent advances in the synthesis and stabilization of Ag (0) nanoparticles based on self-assembly of
associates with Ag (I) ions with the participation of bulk platforms of cyclophanes (resorcin[4]arenes,
(thia)calix[n]arenes, pillar[n]arenes).

Keywords: cyclophanes; resorcin[4]arenes; calix[n]arenes; thiacalix[n]arenes; pillar[n]arenes;
self-assembly; silver nanoparticles

1. Introduction

Silver nanoparticles (AgNPs) are attractive nanomaterials, especially promising in such fields as
colorimetric sensors, bactericidal materials and components of electrochemical sensors [1–3]. In contrast
to gold nanoparticles, silver nanoparticles can be readily synthesized from relatively stable silver (I)
salts using a wide range of reducing agents [4]. Moreover, silver nanoparticles find application as
sterilizing nanomaterials in medicine. A unique feature of AgNPs is their slow release of silver (I) ions,
which allows using them as bactericidal agents [5–7]. Silver nanoparticles are promising catalytically
active nanomaterials, which can enhance some reactions for dye and drug synthesis [8,9].

These applications require surface modification of AgNPs that would allow to adjust their
association with the target substrate or to offer higher selectivity towards association with bacterial
cell walls. Depending on the application, AgNPs must be modified with different functionality.
For electrochemical sensors and antibacterial nanomaterials, it is necessary to introduce functionality,
providing AgNPs with selectivity of association [10]. However, the strategy of creating AgNP-based
colorimetric sensors is different [11]. In order to obtain a wavelength shift in the presence of target a
substrate, it is necessary to introduce functionalities that would not only bind to the target substrate
but also induce aggregation of AgNPs [12].
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One of the most promising strategies for creating selective nanoparticles is using supramolecular
agents capable of forming host–guest complexes with the target substrate [13]. Cyclophanes are
promising macrocyclic 3D host molecules, which are versatile building blocks for self-assembled
materials [14–16]. Cyclophanes have been reported as selective host molecules for recognition of
inorganic ions, and organic molecules and have been shown promising in biopolymer binding [17–22].
The vast opportunities for obtaining various functional derivatives and rich spatial geometry of
cyclophanes offers the means necessary for achieving this goal [23].

This review summarizes the modern achievements in design and application of AgNPs
functionalized with cyclophanes [24–129]. Several classes of cyclophanes were chosen: calix[n]arenes,
their sulfur bridged analogue thiacalix[4]arenes, resorcin[4]arenes and pillar[n]arenes (Figure 1). Other
cyclophanes are out of current review because such publications are scarce. While in this review
we report recent findings in the field of cyclophane-functionalized AgNPs synthesis and application
(Figure 2), our review has several key features. Specific attention is paid to comparing unique
substrate recognition patterns that are inherent for each cyclophane type. Also, it is widely known that
cyclophanes may form nanosized supramolecular associates with silver ions, and, on the other hand,
there are a number of reports on the synthesis of silver nanoparticles in the presence of cyclophanes.
While both are well known to the scientific community, to the best of our knowledge there have been
no studies in which possible supramolecular self-assembly of cyclophane with silver ions prior to
reduction would be investigated.

 

Figure 1. Structures and cartoon images of cyclophanes (calix[n]arenes, thiacalix[4]arenes,
resorcin[4]arenes and pillar[n]arenes).

Using three-dimensional macrocyclic stabilizing agents at the stage of AgNPs synthesis provides
unique means to adjust the sizes of nanoparticles at the growth stage, which is promising in the
nanomaterial design field. Functionalization of AgNPs with cyclophanes allows achieving high
selectivity towards various inorganic, organic and biomacromolecular substrates. It opens wide
opportunities in developing novel selective antibacterial agents, surface-enhanced Raman scattering
(SERS)-based colorimetric sensors and electrochemical sensors. The review presents achievements in
cyclophane based AgNPs, which are especially promising for nanomedicine and diagnostics.
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Figure 2. Application of supramolecular self-assemblies “cyclophane-Ag+” and cyclophane based
silver nanoparticles (AgNPs).

2. Supramolecular Self-Assembly of Calix[n]arenes with Ag(I) Ions and
Calix[n]arene-Based AgNPs

Calix[n]arenes are the most wide-known cyclophane platforms. Most of the synthetic routes,
patterns of substrate recognition and supramolecular self-assembly were realized on this platform for
the first time and afterwards were successfully adapted to other cyclophanes. Ease of modification of
lower and upper rims of calixarenes have made them versatile building blocks for supramolecular
materials and surface modifiers for adjusting receptor and self-assembly properties of colloidal
materials. Separate modification of upper and lower rims of calixarenes has become one of the common
practices to obtain amphiphilic host molecules for Langmuir–Blodgett films and consequently for
modification of nanoparticles, allowing to alter their lipophilicity [24].

2.1. Self-Assembly of Calix[n]arenes with Ag(I) Ions

Studying the self-assembly of calixarene derivatives with silver ions can help in understanding
the role of calix[n]arene in the synthesis of AgNPs. Usually the role of calixarene is described as a
stabilizer (Table 1). It is worth noting that most calixarene derivatives are poorly soluble in water,
which complicates their use in the synthesis of AgNPs via the most common route (reduction with
sodium borohydride). One approach to solve this problem is the creation of amphiphilic structures
based on this cyclophane.
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Tetrasubstituted amphiphilic calix[4]arene CA-1 (Figure 3) containing alanine fragments on the
upper rim and decyl groups on the lower rim was synthesized [25]. It was shown that macrocycle
CA-1 can self-assemble into various structures depending on the solvent pH. It forms a spherical
structure at pH = 3 and a hollow, necklace-like structure of 500 nm diameter at pH 7. It has been
shown that addition of silver ions leads to a three-dimensional dendrite nanostructure. The authors
supposed that calix[4]arene CA-1 acted as a stabilizer and shape controller in the diffusion-limited
aggregation process. The obtained results can be used in the design of microelectronic devices or
nanometer-scale electrodes.

 

Figure 3. Structures of calix[4]arenes.
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Double rosette assemblies of calix[4]arenes CA-2 and CA-3 with barbituric acid or cyanuric acid
derivatives and silver were shown to reduce by electron beam at 200 keV in situ in conditions of a
transmission electron microscopy (TEM) experiment [26]. Such method of reduction allows to obtain
small monodisperse nanosized (d = 2 nm) AgNPs. The obtained results prove that association with
cyclophanes allows to synthesize very small AgNPs.

Self-assembly of calix[6]arene containing imidazole groups on the lower rim and three sulfonato
groups on the upper rim was studied [27]. It was shown that at concentrations of 10−4 M and
higher, macrocycles formed multilamelar vesicles (50–250 nm diameter). Addition of silver (I) ions
to the system leads to formation of nanomicelles with size of 2.5 nm. The authors suggest that the
obtained micelles can be used in hosting of a guest, either in the calixarene core itself or in the heart of
the assemblies.

Calixarenes upon self-assembly with silver ions can form not only micellar structures but highly
regular networks of coordination polymers. It is caused by strict fixation of coordinating fragments
relative to the macrocyclic rim. Possibility of functionalization of a macrocyclic platform with
various functional groups, spacers and various conformations available for calixarenes has made
them a versatile block for metal–organic frameworks with silver ions. For example, three component
coordination polymers of silver ions with p-sulfonatocalix[4]arene CA-4 and ethylenediamine were
reported [28]. Similarly, carboxyl derivatives of calix[4]arene CA-5 and CA-6 [29], calix[4]arenes CA-7

with allyl groups [30] and CA-8 with pyridyl fragments [31] were shown to form regular crystalline
structures. The last-mentioned material has been successfully used for recognition of nitrobenzene
and photodegradation in aqueous solutions. There is an example of macrocycle CA-5 and CA-9

self-assembly in the presence of silver ions leading to the formation of dimeric capsules, which over
time crystallize into three-dimensional molecular architecture [32].

The publications reporting self-assembled supramolecular nanostructures of calixarenes with
silver ions are still scarce; however, considering the long period over which calixarenes have been
known to the scientific community and intensely studied, it leads us to an indirect conclusion: such
supramolecular association patterns are most likely uncommon for calixarenes. Molecular design
approaches for creating supramolecular nanoparticles instead of regular three-dimensional MOFs
(metal–organic frameworks) are unknown.

2.2. Synthesis and Application of Calix[n]arene-Based AgNPs

Calix[n]arene-based AgNPs have been synthesized using various methods [15,33]. The most
commonly used approaches are chemical, electrochemical and photochemical reduction. Historically,
the simplest and most studied method is chemical reduction (Table 1). Sodium borohydride is
the most popular reducing agent (along with sodium citrate, hydrazine hydrate and molecular
hydrogen). However, the choice of functional groups of substituents is a nontrivial task in the design
of calixarene-based AgNPs. Basically, functional groups should allow association with AgNP surfaces.
Especially in the case of calixarenes, the nature and geometry of functional groups (which are usually
strictly preorganized by macrocyclic platform) dictate possible interaction with the target substrate.
Therefore, this factor sufficiently limits all the possible substrate recognition patterns achieved for
calixarenes, restricting possible functional groups to only those capable of interacting with AgNP
surfaces. It could be overcome by introducing functional groups of different nature, but in practice (as
we can see in articles listed below), mostly calixarenes modified with functional groups capable of
association with AgNPs were reported.

2.2.1. Calix[n]arene-Based AgNPs Obtained Using Chemical Reduction

In supramolecular chemistry and in the chemistry of macrocyclic compounds, fragments of
sulfonic acids usually are implemented to increase solubility in polar media (in water), giving surficial
active properties and self-assembly based on acid–base or ionic interactions. In addition to mentioned
directions, sulfonic acids are capable of coordinating some ions (e.g., silver ions) and can coordinate to
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the surface of metallic silver (0) nanoparticles. Sulfonic acid derivatives of calixarene are capable not
only to associate with silver ions but also with nanoparticles: silver nanoparticles functionalized with
sulfonic acid derivatives of calix[n]arenes were reported.

Significant contribution in the synthesis and application of sulfonatocalix[n]arene-stabilized
AgNPs was made by Prof. A. W. Coleman’s group [33]. This group synthesized a number of
sulfonic acid calixarene derivatives CA-4 and CA-10–CA-17 (Figure 4), which were used for surface
modification of silver nanoparticles. Possibility of interacting sulfonatocalix[n]arene-based AgNPs with
cationic, neutral and anionic surfactants was studied. It was shown that only p-sulfonatocalix[4]arene
derivatives CA-4 and CA-11 interacted with cationic surfactants [34]. Toxicity of the nanoparticles
obtained towards model pheochromocytoma neuronal-like cells was studied, and it was shown that
synthesized nanoparticles were nontoxic up to 100 mg/mL concentration. It was shown that treatment
of neural pheochromocytoma cells with such nanoparticles with calix[n]arenes leads to lowering of
reactive oxygen species [35].

 

Figure 4. Structures of calix[n]arenes (n = 5–8).

It was shown that AgNPs capped with nine different sulphonated calix[n]arenes (CA-4 and
CA-10–CA-17) were tested for their antibacterial effects against Bacillus subtilis and Escherichia coli
at concentration of 100 nM in calix[n]arene [36]. It was determined that antibacterial properties
depend on the size of the macrocycle ring. It was shown that calixarenes (CA-11, CA-14 and CA-17)
with sulfonate groups on the lower and upper rims were active against Gram-negative bacteria.
Derivatives of calix[6]arene CA-13 containing sulfonate groups only on the lower rim has pronounced
bactericidal activity.

It was reported [37] that interaction of p-sulfonatocalix[4]arene CA-4 based AgNPs with nucleotides,
nucleosides and desoxynucleosides leads to selective complexation, which is expressed by color change
due to aggregate formation. There is a clear difference for purine and pyrimidine: for pyrimidine
nucleotides, a new absorption band at 550 nm appears, and a color change from yellow to orange, red
or pink is observed; for purine nucleotides, an absorption band is observed at 580–590 nm.

Molecular recognition of cytosine with p-sulphonatocalix[4]arene CA-4 in solution, in the
solid-state and on the surface of hybrid silver nanoparticles was studied [38]. It was found that
the ratio of CA-4:cytosine changed depending on the state (from 1:1 in solution to 1:4 in solid phase).
It was demonstrated that cytosine initiated aggregation of CA-4-based AgNPs.

Silver nanoparticles stabilized with oleic acid in organic solvents were obtained [39]. Adding of
p-sulfonatocalix[4]arene CA-4 to this system leads to formation of an inclusion complex of oleic acid
and CA-4, which allows to transfer silver nanoparticles from the organic phase into the aqueous phase.

AgNPs modified with p-sulfonatocalix[4]arene CA-4 were obtained by adding sodium borohydride
to a mixture of CA-4 and silver nitrate at room temperature for 5 min [40]. AgNP size was determined by
TEM and was 8.0± 1.0 nm. A colorimetric sensor was made based on these AgNPs for detecting histidine
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in water. High selectivity of this sensor allows to quantitatively determine histidine concentrations
down to 5 × 10−6 M.

Presence of additional binding sites also opens new opportunities towards forming cascade
composite structures based on inorganic materials. p-Sulfonatocalix[4]arene CA-4-modified AgNPs
were synthesized by interaction of AgNO3–calixarene mixture with NaBH4 [41]. Solutions of
nanoparticles obtained upon addition of metal ions at pH 10 have different colors. The authors
explain such color diversity by the assembly size of CA-4 AgNPs on the metal hydroxide crystals,
which depend on the added metal species, leading to a different localized surface plasmon resonance
band. Therefore, CA-4-AgNPs also may be used for discerning different metals by their color.

Highly stable AgNPs functionalized with p-sulfonatocalix[n]arenes CA-4 (n = 4) and CA-15 (n = 8)
were obtained [42]. Interaction of the synthesized AgNPs with a number of pesticides (iprodione,
pyrimethanil, thiabendazole, optunal, parathion-methyl, methomyl and acetamiprid) was investigated.
It was shown that the AgNPs with calix[4]arene CA-4 can be implemented as colorimetric probes to
quantitatively determine optunal at concentrations down to 1 × 10−7 M.

Presence of a large flexible hydrophobic cavity in sulfonatocalix[6]arene CA-12 opens the possibility
of complexation with fluorescent ligands. Such double functionality opens the possibility of making
three-component systems in which a fluorescent ligand acts as a bridge between cyclophane-modified
silver nanoparticles [43]. A highly sensitive H2PO4

− colorimetric sensor was developed based on
self-assembly of CA-12-AgNPs with a dipyrene derivative. The authors report that this colorimetric
sensor can also realize real-time quantitative detection for H2PO4

− with a detection limit of 1 × 10−7 M.
Similarly, calixarene derivatives can be used for creating a graphene–AgNPs nanocomposite in a

mixture of silver nitrate, graphene oxide and potassium hydroxide. Ag–graphene nanocomposites
were synthesized by utilizing a continuous hydrothermal flow synthesis (in water overheated up
to 450 ◦C, 24.1 MPa) process using sulfocalix[6]arene CA-12 as an effective particle stabilizer [44].
The authors report low cytotoxicity and high activity against Escherichia coli (Gram-negative) and
Staphylococcus aureus (Gram-positive) bacteria.

Modification of AgNPs with sulfonic acid derivatives of calixarenes CA-4, CA-12 and CA-15

also allows stabilizing enzymes [45]. It was shown that p-sulphonatocalix[8]arene CA-15-stabilized
AgNPs can increase efficiency and stability of Saburopin (serpin enzyme from Eubacterium saburreum
possessing proteolytic activities). The authors report that in the presence of CA-15–AgNPs, enzymes
have a high inhibition effect in the pH range of 2–10 and in the temperature range of 10 to 40 ◦C, while
remaining active even at 70 ◦C.

AgNPs were obtained using a series of anionic calix[4]arenes with sulfonate (CA-4, CA-10 and
CA-11), carboxylate (CA-18 and CA-19) and phosphonate (CA-20) groups [46]. Selectivity of obtained
nanoparticles was studied on a series of three active pharmaceutical ingredients (API): chlorhexidine
(antiseptic), chloramphenicol (neutral antibiotic) and gentamycin sulfate (aminoglycosidic antibiotic).
It was shown that affinity to APIs studied depended on the nature of calix[4]arene and API.

The binding of AgNPs modified with calix[4]arenes CA-4 and CA-20 with regard to various serum
albumins (bovine, human, porcine and sheep serum albumins) has been studied by variable temperature
fluorescence spectroscopy [47]. The studied albumins have different fluorescence quenching effects
according to the nature of the anionic calixarene. The results obtained by the authors may help to
discriminate among the different species.

AgNPs with diameter about 2 nm were obtained using p-phosphonated calix[n]arenes CA-21

(n = 4), CA-22 (n = 5), CA-23 (n = 6) and CA-24 (n = 8) as templates and surfactants for stabilization [48].
Hydrogen was used as a reducing agent. The authors show that the key factor affecting particle sizes
and speed of reaction was the solution pH. The smallest monodisperse particles were obtained at
pH = 12.

Due to preorganized hydrophobic cavity, one promising application of AgNPs functionalized
with cyclophanes is their use for recognition of polycyclic aromatic hydrocarbons [49]. Calix[4]arenes
(CA-25–CA-27)-modified AgNPs were investigated for affinity towards a series of polycyclic aromatic
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hydrocarbons (PAHs) (pyrene, triphenylene, benzo[c]phenantrene, anthracene, coronene, chrysene,
dibenzoanthracene and rubicene) [50]. AgNPs modified with disubstituted derivatives of calix[4]arene
CA-26 with two ester groups have selectivity towards polycyclic aromatic hydrocarbon guest systems
bearing four benzene rings, mainly pyrene. It opens the opportunity for using functionalized
calix[4]arenes in the design of highly sensitive and selective sensors of PAHs.

Dithiocarbamate calix[4]arene CA-28 functionalized AgNPs were shown to detect traces
of aromatic hydrocarbons using the surface-enhanced Raman scattering (SERS) method [51–53].
The effectiveness of this system was checked for a group of PAHs: pyrene, benzo[c]phenanthrene,
triphenylene and coronene. High selectivity towards pyrene, benzo[c]phenanthrene and triphenylene
containing four aromatic rings was demonstrated. For these compounds, affinity constants have close
values, and detection limits are quite similar (10−7, 10−8 M). In the case of coronene, the sensitivity was
higher, which was explained by formation of a complex in which cavities of two calixarene molecules
participated, leading to aggregation of nanoparticles.

Also, there are a series of articles reporting unsubstituted p-tert-butylcalix[n]arenes as
AgNP stabilizers. A unique approach to the synthesis of AgNPs was developed [54] in a
preassembled three-component Ag–ethylenediamine p-tert-butylcalix[4]arene CA-25 coordination
complex. Subsequent removal of amine under heating leads to reduction of Ag+ ions and formation of
Ag nanocrystals (d = 9.4 nm) with 29 Ag atoms in a single crystal.

AgNPs based on calix[6]arene CA-12 with diameters of about 7 nm are capable of interacting
with sanguinarine (antitumor, antibacterial, antioxidant and anti-inflammatory drugs) [55].
The nanoparticle–sanguinarine complex has shown to lower toxicity towards two cell lines (normal
CHO and cancerous A549).

In the research group of Prof. D. Tian [56], AgNPs modified with the tetracarboxylate derivative
of p-tert-butylcalix[4]arene CA-29 in the 1,3-alternate conformation containing triazole spacers were
obtained. A highly sensitive colorimetric sensor for Cu2+ was developed with the detection limit of
2.5 × 10−6 M. Moreover, the authors note that increasing Cu2+ concentration leads to increasing sizes
of AgNPs and forming larger three-dimensional aggregates.

AgNPs modified by sulfonatocalixarene CA-30 with thiol groups on the lower rim were
prepared [57]. Obtained AgNPs were used for detecting trace concentrations of Fe3+ ions in aqueous
medium. The sensor obtained has several advantages compared to reported colorimetric sensors: fast
response time (<80 s) to ferric ions and long shelf-life (>4 weeks). The biosensor has been successfully
applied to estimate ferric ions in human blood serum as well as in human hemoglobin.

Using thiol derivatives of cyclophanes for surface modification of metal nanoparticles can be
considered as a more straightforward approach. AgNPs (d = 3 ± 1 nm) modified with disubstituted
derivatives of calix[4]arene CA-31 functionalized by thiol groups were obtained [58]. These
nanoparticles were shown to be hosts for gold nanoparticles coated with 1-dodecanethiol and
N-alkylpyridinium fragments. Specific recognition of pyridinium fragments of gold nanoparticles by
CA-31-modified AgNPs was demonstrated by UV spectroscopy and dynamic light scattering (DLS)
methods in dispersions.

While the abovementioned examples were limited to calixarenes functionalized with alkyl groups
and fragments capable of interacting with AgNP surfaces, there are few examples of introducing
functional fragments specific to target substrate recognition. Using chiral carboxylic acid fragments
allows chiral substrate recognition while maintaining association to AgNPs surface. AgNPs based on
chiral calix[4]arene CA-32 containing R-mandelic acid fragments were obtained [59]. These AgNPs
with diameters about 9 nm can differentiate N-Fmoc-d/l-aspartic acid (D-FAA and L-FAA), with
higher sensitivity of chiral calixarene-modified AgNPs towards L-FAA. Several detection methods
were compared, and DLS has been shown to be more sensitive to nanoparticle aggregation than UV
spectroscopy (500-fold higher sensitivity of DLS method compared to UV spectroscopy).

Historically, calixarene is one of the first macrocyclic platforms that were used as a stabilizer in the
synthesis of AgNPs. Most often, derivatives of calix[n]arenes containing charged sulfonate, carboxylate
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and phosphonate groups are used for their functionalization. Keeping in mind that, especially for
calixarenes, the nature of functional groups dictates selectivity, it definitely limits their potential as
host molecules. The obtained calixarene-based AgNPs are used to design and create drug delivery
systems, colorimetric sensors, antibacterial agents and separation and selective recognition of various
biologically important substrates.

2.2.2. Calix[n]arene-Based AgNPs Obtained Using Photochemical Reduction

The photochemical synthesis method offers a reasonable potential for the synthesis of shape- and
size-controlled calixarene-based AgNPs. It is also worth noting that the photochemical reduction
method is environmentally friendly; therefore, this method can be attributed to “green chemistry”.
Excluding reducing agents from the reaction mixture simplifies the reduction of calixarene-silver ions,
allowing to expect formation of AgNPs in a more associate–controlled fashion (Table 1).

Calixarene CA-33 functionalized with two pyridyl groups linked to cyclophane with a triazole
spacer [60] was found to selectively bind Fe3+ (1:1 stoichiometry ratio, K = 5.35 × 10−4 M−1). Calixarene
CA-33 was used for synthesis of CA-33-AgNPs (diameter 10± 1 nm) by reduction of AgNO3 in methanol
using ultraviolet radiation (λmax = 365 nm). A colorimetric sensor for Fe3+ was designed based on
CA-33 AgNPs. The authors report strong aggregation of CA-33 AgNPs at higher concentrations
of Fe3+.

AgNPs (d~5 nm) were obtained using disubstituted calix[4]arene CA-34 with hydrazide and
thiophene fragments [61]. These nanoparticles were prepared by mixing a calixarene solution in
methanol with aqueous solution of AgNO3 in the ratio of AgNO3/CA-34 1:15. The obtained reaction
mixture was treated with sunlight. Temperature effects were studied at 20, 50 and 80 ◦C. It was
shown that nanoparticle sizes did not depend on temperature significantly. Obtained nanoparticles
can selectively recognize Hg2+ and Hg0 in solution and vapor phases, respectively, with distinct color
change. The detection limits reported for Hg2+ by UV–Vis and amperometry are 0.5 nM (0.1 ppb) and
10 nM (2 ppb), respectively.

AgNPs with diameters less than 5 nm were obtained by photochemical reduction of silver nitrate
(1 mM) in water in the presence of p-phosphorylated calix[n]arenes CA-21, CA-23, CA-24 and O-alkyl
derivatives of CA-21 (CA-35 and CA-36) (0.25 mM) [62]. Photochemical reduction is one of the key
methods of green chemistry. The experiment was conducted using a 100 W UV lamp emitting 365 nm
light. At pH = 9, the size of obtained nanoparticles was 3.6 ± 1.2 nm.

Alkylthiol derivatives of calix[8]arene CA-37 were used for modification of monometallic and
bimetallic nanoparticles [63]. AgNPs were obtained by reducing Ag+ in the presence of calix[8]arene
CA-37 in ethanol. In the results, small spherical nanoparticles were obtained with size dependence on
silver salt concentration and counter ion. The structure of the calix[8]arenes and their anchoring on
the AgNPs surface cause some accessibility to the surface of the AgNPs, which is very important for
applications in catalysis. Potential catalytic applications of the obtained CA-37 AgNPs were studied
using the reduction of 4-nitrothiophenol as a model reaction.

It can be concluded that very small (5 nm or less) calixarene-based AgNPs can be obtained using
the photochemical reduction method, which are smaller compared to AgNPs obtained by common
chemical reduction route. Unfortunately, shapes and sizes of associates of calixarene with silver ions
prior to reduction were not studied, while it could shed light on the effect of supramolecular association
on size and morphology of the AgNPs formed. These results make this method very promising.

2.2.3. Calix[n]arene-Based AgNPs Obtained Using Electrochemical Reduction

The use of the electrochemical method for synthesis of AgNPs is one of the promising areas due
to a number of advantages. Electrochemical methods make it possible to obtain nanoparticles with
high purity using simple techniques, while controlling the particle size can be done by adjusting the
current density or the applied potential. It is also worth noting that this method is environmentally
friendly, since toxic chemical reducing agents are not used. On the other hand, the electrochemical
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reduction proceeds in a heterogeneous environment (and with participation of AgNPs, resulting in
their clustering), which leads to certain limitations of the method for size-control of the nanoparticles
formed. Usually this method is implemented for constructing hybrid nanostructured electrochemical
sensors, and introduction of AgNPs allows to increase sensitivity of electrodes.

Novel electrochemical sensors based on p-sulfonatocalix[6]arene CA-12-modified AgNPs coated
glassy carbon electrode for methyl parathion as a model of nitroaromatic organophosphates were
developed [64]. The obtained sensors can determine methyl parathion in the concentration range of 1 ×
10−8 to 8 × 10−5 M with lower detection limit of 4.0 × 10−9 M. The authors report that reproducibility
and stability of the sensor obtained was higher than those for enzyme-based electrodes.

AgNPs with diameters in a range of 40–70 nm were obtained by an electrochemical method using
p-tert-butylcalix[4]arene CA-25 on glassy carbon as the matrix [65]. The authors report that nifedipine
(calcium channel blocker) can be detected in concentration range (0.8–60 μM) with detection limit at
0.72 μM. This electrode has a number of attractive properties: high stability, reproducibility of signal,
high sensitivity, quick response and low detection limit.

AgNPs were synthesized on glassy carbon electrodes coated with p-tert-butylcalix[4]arene CA-25

and p-tert-butylcalix[6]arene CA-38 [66]. The authors demonstrate that the presence of calixarene
on the electrode’s surface allows to control nanoparticle sizes and to prevent agglomeration. Cyclic
voltammetry has shown that AgNPs on glassy carbon electrode have pronounced catalytic activity to
reduce flutamide, which is a widely used nonsteroidal anti-androgen drug in prostate cancer treatment.
The modified electrode shows linear signal response in differential impulse voltammetry in a range
10–1000 μM with detection limit at 9.33 μM for flutamide.

An approach to synthesize AgNPs by electrochemical reduction of Ag+ [67] on the glassy carbon
electrode, modified with p-isopropylcalix[6]arene CA-39 was reported. Obtained AgNPs were able to
efficiently catalyze reduction of hydrogen peroxide.

An in situ synthesis route was reported [68] for preparation of a layer of AgNPs on the silicon surface
using an immobilized supramolecular layer as silver ion reducing agent. First, p-methoxycalix[7]arene
CA-40 was covalently immobilized on the silicon surface, and 4-methoxyphenol fragments were
demethylated to hydroquinone fragments. Then, AgNPs were immobilized into this layer by reducing
with Na2S2O4. AgNPs had plate-like morphology with a diameter of 10 nm and height of 2 nm.
Repeating redox cycles of calix[7]hydroquinone CA-41 can be implemented to vary sizes of plates in a
range of 100 nm and more. Further study of AgNP properties in the same research group [69] was
conducted, and it was shown that nanoparticles obtained were capable of photodegradation of various
organic dyes (methyl orange, methylene blue and rhodamine chloride).

Thus, calixarene-based AgNPs obtained using the electrochemical method are mainly used
as part of electrochemical sensors to determine biologically important substrates, and they can
also be used as catalysts and components for photodegradation of dyes. Usually, electrochemical
reduction leads to rather large sizes of AgNPs when compared to photoreduction and chemical
reduction. On the other hand, the electrochemical method has definitely allowed to overcome several
drawbacks of these methods: it allows to choose other groups for calixarene functionalization and
using hydrophobic calixarenes.

3. Supramolecular Self-Assembly of Thiacalix[4]arenes with Ag(I) Ions and
Thiacalix[4]arene-Based AgNPs

Among cyclophanes mentioned, thiacalixarenes are characterized by high conformational
flexibility and larger sizes of macrocycles compared to calixarenes [70]. The unique feature of
thiacalix[4]arenes is the presence of sulfur bridge atoms, which are capable of coordinating with
transition metal ions, having high affinity to silver ions. For the most widespread representative
of thiacalixarene-based synthetic platforms, p-tert-butylthiacalix[4]arene, three conformations are
readily available (cone, partial cone and 1,3-alternate). This opens a unique possibility of distributing
substituents on both sides from the macrocyclic rim, which in combination with introducing various
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substituents allows to reach various substrate selectivities. Even more interesting is the applicability of
this feature in various branches of material science and supramolecular chemistry. It allows to achieve
unique association patterns, adjust polymer properties and vary aggregation of nanoparticles [71].
Due to the unique geometry of thiacalixarenes, they tend to form nanocage associates [72]. Therefore,
in regard to silver ions and nanoparticles, thiacalixarenes are unique, allowing new patterns of
self-assembly and nanoparticle functionalization.

3.1. Self-Assembly of Thiacalix[4]arenes with Ag(I) Ions

High affinity of silver ions and the presence of four sulfur bridge atoms, capable of coordinating
silver ions, are among the key properties that have attracted the attention of the research community
to thiacalixarenes. In the scientific group of Prof. M. W. Hosseini, molecular tectonics based on
the formation of silver coordination networks by thiacalix[4]arene derivatives were investigated.
The geometry of the final self-assembly was determined by both structural and coordination features
of the organic tecton. The authors suggested that the obtained perspective molecular architectures can
be used in catalysis, optics, electronics and magnetism [73–82].

While there are many reports on MOFs of silver-coordinated thiacalixarenes, it should be noted
that additional coordinating sites (sulfur bridge atoms) can play dramatic roles in association with
silver ions. For example, in contrast to any other cyclophanes [83], p-tert-butylthiacalix[4]arene TCA-1

(Figure 5) can form a metal organic framework, where silver ions are coordinated by bridge groups.
Therefore, when functionalized with additional groups capable of coordinating silver ions, these
cyclophanes can have unique association behavior with silver ions (and other transition metal ions).
Indeed, for thiacalixarenes, significant parts of publications are related to forming submicron and
nanosized supramolecular associates in the presence of silver salts.

Thiacalixarene’s ability of coordinating silver ions has opened the perfect opportunity for using
them in electrochemical sensors for silver ion detection [84]. Associates of thiacalixarene derivatives
TCA-2 and TCA-3 in cone, partial cone and 1,3-alternate conformations with silver ions form solid
antimicrobial coatings [85].

Functionalization of thiacalixarene with propylsulfonate fragments (TCA-4, cone) allows to
realize supramolecular self-assembly into unique shaped associates [86]. Sulfonate substituents
are known as ligands for silver ions and, therefore, can provide additional coordination sites for
silver ions, which is possibly the main reason of forming fractal associates. While self-assembly of
propylsulfonate-functionalized (thia)calixarenes leads to formation of polydisperse submicron-sized
micelles, in the presence of silver ions (equimolar ratio) polydispersity significantly decreases.
In contrast, for calix[4]arene with similar functional fragments, the hydrodynamic diameter of
the particles is 211.1 ± 11.6 nm (polydispersity index = 0.41 ± 0.01), and for the thiacalix[4]arene TCA-4

it is 95 ± 7 nm (polydispersity index = 0.23 ± 0.01). The presence of additional coordinating sites
greatly changes not only the self-associate sizes and stability but also their behavior: fractal associates
are formed.

In the case of thiacalixarene three conformational isomers are readily accessible (cone, partial cone
and 1,3-alternate). In some cases, conformation can play an interesting role in shape and morphology
of associates with Ag+. Alkylamide derivatives of thiacalixarene TCA-2, TCA-3 and TCA-5–TCA-10

were found to form associates with silver ions with different sizes and shapes as determined by atomic
force microscopy (AFM), when interacting with silver ions. Most flat aggregates are formed in the
case of 1,3-alternate stereoisomers (2 nm height), while the height of cone associates is 27 nm [87].
The associate sizes are in a range of 62.5–491.6 nm (determined by AFM), while the morphology of
aggregates is more dependent on conformation of thiacalixarene derivatives: disk-shaped for partial
cone and 1,3-alternate conformations and spherical or elongated structures for cone conformation
are formed.
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Figure 5. Structures of thiacalix[4]arenes.

High affinity to silver ions caused by bridging sulfur atoms allows introducing additional binding
sites by lower rim functionalization while retaining association with silver ions. This allows not only to
adjust morphology of supramolecular associates, but it also opens opportunity to use these associates as
receptors. It was reported that associates of benzotriazole and arylhydrazide thiacalixarene derivatives
with silver ions can interact with dicarboxylic acid, resulting in strong association dependency on the
structure of dicarboxylic acid. It was reported that the sizes and morphology of arylhydrazide and
benzotriazole derivatives of thiacalixarene TCA-11–TCA-16 commutatively depend on the sequence
of adding silver ions and dicarboxylic acid, and the size of three-component supramolecular associates
significantly depends on the structure of dicarboxylic acids [88].
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Functionalization of thiacalixarene with carboxylic, hydrazide and amino-groups along with
12 guanidine fragments (TCA-17–TCA-19) even more significantly enhances coordination with
carboxylic acids [89]. Spherical associates of thiacalixarenes with silver ions change morphology upon
addition of oxalic acid to granular aggregates.

Assembly of zwitterion-functionalized thiacalixarenes TCA-20 and TCA-21 with silver ions
not only increased the hydrophilicity of resulting associates, but it also demonstrated significant
dependence of supramolecular associate sizes on the length of the spacer connecting the quaternary
ammonium fragment to the sulfonate group (197 and 332 nm for propanesulfonic TCA-20 and
butanesulfonic TCA-21 derivatives) [90].

Adding positively charged fragments to thiacalixarene structures TCA-22–TCA-26 opens the
route to creating three-component associates with dye molecule (fluorescein), which allows fluorimetric
detection of bovine serum albumin (BSA). Sizes of supramolecular associates with silver ions and
fluorescein in the range of 10–67 nm are comparable with sizes of associates with silver ions only
(8–88 nm). Among cyclophanes studied, three-component systems based on methyl-ammonium
TCA-22 and phthalimidopropyl-ammonium TCA-23 derivatives have the highest affinity to bovine
serum albumin [91].

Thus, the presence of bridging sulfur atoms, as well as functional groups of substituents, is a
fundamental factor in the design and creation of supramolecular systems based on silver cations and
derivatives of thiacalix[4]arene. Among functional groups, amide, hydrazide and pyridinium groups
can be distinguished. The choice of such substituents is explained from the point of view of the Pearson
acid–base concept: the “soft” silver cation more effectively interacts with the “soft” bridging sulfur
atom, as well as substitute fragments, and several variants of the coordination of silver ions with
thiacalix[4]arene molecules can be suggested (Figure 6). The obtained systems can be used for targeted
drug delivery and selective recognition of proteins, amino acids and hydroxyl acids.

 

Figure 6. Possible coordination of silver ions with amide derivatives of thiacalix[4]arene.

3.2. Synthesis and Application of Thiacalix[4]arene-Based AgNPs

While there is a number of publications reporting self-assembly of thiacalixarenes with silver
ions, unfortunately there are only several reports on reduction of self-assembled structures to AgNPs
(Table 1).

It was shown that self-assembly of TCA-3 and TCA-8 with AgNO3 under laser irradiation
(633 nm) in DMF led to formation of thiacalixarene-coated silver nanoparticles [92]. It was shown that
temperature (varied in a range of 2–50 ◦C) had significant impact on the size of nanoparticle aggregates:
average size increased with increasing temperature. The largest associates of AgNPs were observed
for TCA-3 in partial cone conformation.

A hydrazide derivative of thiacalixarene TCA-5 was shown to reduce silver ions in the work
of Prof. V. K. Jain’s research group [93]. Relatively uniform 20 nm spherical AgNPs were formed
over a pH range of 5–9. The interaction behavior of TCA-5 AgNPs with different amino acids was
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investigated using spectrophotometry and spectrofluorimetry. Among the amino acids tested, only
tryptophan and histidine showed fluorescence quenching and fluorescence enhancement, respectively.
TCA-5 AgNPs were reported to effectively reduce the levels of Gram-positive bacteria, Gram-negative
bacteria and fungi.

Due to the unique affinity to silver ions, the tendency of thiacalixarenes to form nanocages is
especially promising as protection for silver nanoclusters. Nonfunctionalized p-tert-butylthiacalix[4]arene
TCA-1 has been shown as an effective protecting agent for silver nanoclusters (containing 35 and 34 Ag
atoms) [94].

Dopamine is a known reducing agent of silver ions. It was shown that the tetradopamide
derivative of thiacalixarene, TCA-27, can chemically reduce silver ions. There are certain similarities
with reports of Prof. V. K. Jain’s research group: reduction proceeds slowly starting with the formation
of associates with silver ions with their further reduction to form 4–6 nm particles. Chemical reduction
takes several hours, and the obtained coating is more uniform and acts as more effective electrochemical
sensing nanomaterial when compared to electrochemically reduced silver salt on the TCA-27-coated
electrode. With variations in other components of electrochemical sensors, these nanoparticles were
successfully used for dopamine [95] and ochratoxin determination [96]. This approach has allowed
to obtain electrochemical sensors for cholinesterase, where quaternary ammonium derivatives of
thiacalixarene TCA-22–TCA-24 act as cholinesterase inhibitors [97]. The same nanostructures were
implemented for impedimetric detection of DNA damage in sensors containing neutral red [98].

Electrochemical reduction of silver ions on electrodes coated with thiacalixarene-functionalized
oligolactic acid TCA-28 in cone, partial cone and 1,3-alternate conformations has allowed to obtain
hybrid nanomaterials, where morphology of silver particles was shown to depend on thiacalixarene’s
conformation. Electrochemical reduction of silver ions has allowed to obtain tree-like nanostructured
metallic materials. These materials were shown to act as effective electrochemical sensors [99]. The SEM
(scanning electron microscopy) micrographs show the formation of spherical particles mostly in contact
with each other and amalgamated into submicron-sized structures. Electrostatic assembling of DNA
on films allows the detection of specific interactions. Silver dendrites deposited on films offer detection
of cholinesterase substrate. These nanomaterials were used in electrochemical sensors, allowing to
detect 0.1 to 100 μM of tryptophan with the limit of detection down to 0.03 μM [100]. No interference
with oxidation of other amino acids (phenylalanine, histidine, cysteine and tyrosine) was found.
The electrochemical sensor developed was validated in the determination of tryptophan sedative
medication “Formula of calmness” in the presence of vitamins B5 and B6.

Summing up the discussed material, thiacalixarenes are unique building blocks for supramolecular
assembly with silver ions, easily allowing to create three-component assemblies. Thiacalixarenes, due
to efficient interaction with silver ions, are very promising stabilizing agents for silver nanomaterials,
which would act both as nanostructure-directing agents and stabilizers for prolonged performance of
silver nanoparticle (or nanocluster)-based devices.

4. Synthesis and Application of Resorcin[4]arene-Based AgNPs

Resorcinarenes are different from other metacyclophanes because of their possibility of
functionalizing bridge fragments (forming “lower rim”) by using functional aldehydes at the
macrocyclization stage of their synthesis. Presence of eight OH groups forming the upper rim
and absence of diverse conformations make their host–guest properties quite specific: they tend to
form dimeric capsules enclosing the target substrate due to interactions between eight substituents of
each cyclophane molecule [101]. It is especially useful for colloidal plasmonic sensors in which SERS
is dependent on nanoparticle aggregation, and in the presence of the target substrate the capsule is
formed, which leads to nanoparticle aggregation [102]. (Thia)crown derivatives of resorcinarene are
an exception to this rule: such functionalities distort resorcinarene symmetry and present efficient
cation binding functional groups. Therefore, such resorcinarene derivatives tend to form crystalline
structures, which can differ depending on solvent or thiacrown fragment structure [103], and are out of
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the scope of our review. To the best of our knowledge, there are no reports on particles obtained by
supramolecular self-assembly of resorcinarene derivatives with silver ions.

Similarly to calixarenes and thiacalixarenes, sulfonate derivatives of resorcinarenes can be used for
modification of AgNPs (Table 1). Modification of AgNPs (d = 38 ± 5 nm) with p-sulfonatoresorcinarene
RA-1 (Figure 7) was reported leading to the formation of larger (d = 45 ± 10 nm) particles that aggregate
in the presence of dimethoate (leading to formation of submicron-sized associates, d = 734 nm) [104].
Selective recognition of dimethoate among structurally close dichlorvos, parathion, 2,4-D, dimethoate,
hexaconazole, imidacloprid and monocrotophos, was demonstrated.

 

Figure 7. Structures of resorcin[4]arenes.

The presence of eight spatially preorganized functional groups can lead to interesting association
behaviors of resorcinarenes. Resorcinarene RA-2 functionalized with amidoethlyamine fragments
has an affinity to the silver nanoparticles surface (which is unusual for amines), which allows to use
its self-associates as a supramolecular template for creating hybrid nanomaterial with AgNPs [105].
The authors describe using submicron-sized tubular self-associates of RA-2 for self-assembly with
silver nanoparticles (d = 20.9 ± 16.4 nm). Such assembly is reversible: treatment of resulting hybrid
nanomaterials with ultrasound leads to release of AgNPs.

While it is known that substrate encapsulation is often accompanied by formation of dimeric
capsules of resorcinarenes, it should be noted that aggregation of resorcinarene molecules on the
surface of AgNPs also can assist encapsulation. Such an effect was reported for RA-3 (derivative
of RA-2 functionalized with 20 carboxylate fragments) [106]: efficiency of doxorubicin binding
significantly increased in the case of RA-3 associated on AgNPs surface, compared to free RA-3 (95%
and 82% of doxorubicin was bound at equimolar RA-3:doxorubicin by RA-3-AgNPs and RA-3 solution,
respectively). Also, it should be noted that RA-3 acts as surface-stabilizer of AgNPs synthesized via
the sodium borohydride reduction route in the presence of RA-3, leading to formation of small-sized
nanoparticles (2–3 nm as defined by TEM).

Octacarboxylate derivatives of resorcinarene RA-4 were also successfully used as a stabilizer
in silver ion reduction [107]. RA-4 increases the affinity of AgNPs formed to the cationic surfactant
cetyltrimethylammonium bromide, acting both as host and counter ion. This effect allows to extract
nanoparticles into chloroform phase from water.
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In a series of reports by Prof. V. K. Jain’s group, hydrazide derivatives of resorcinarene were
used for reducing silver salts to AgNPs. An octahydrazide derivative of resorcinarene RA-5 was
successfully used to reduce silver nitrate [108]. Obtained luminescent nanoparticles (d = 7 ± 1 nm)
showed pronounced antibacterial activity and were stable in wide range of temperatures (10–50 ◦C) and
pH (4–10). Dispersions were stable at room temperature for 120 days. Also, selectivity towards Fe3+

ions was shown (over Zn2+, Cd2+, Hg2+, Co2+, Cu2+, Pb2+, Cr3+ and V3+). Antibacterial activity was
studied on Escherichia coli, Bacillus megaterium, Staphylococcus aureus and Bacillus subtilis. The authors
explained the antibacterial activity by a two-step mechanism: adsorption of AgNPs to the cell wall and
diffusion of silver ions through cell walls.

Resorcinarene RA-6 was used for reducing silver ions: four hydrazide moieties in bridge fragments
acted as reducer [109]. Resulting AgNPs (d = 5 ± 2 nm) have selectivity towards Cd2+. Substitution
of eight methoxy groups in RA-6 with hydroxyl fragments in compound RA-7 switched AgNPs
selectivity [110]. RA-7-AgNPs (d = 15 ± 5 nm) selective to Pb2+ ions were obtained.

Selectivity towards metal ions was not only demonstrated for AgNPs resulting from reducing Ag+

with hydrazide derivatives of resorcinarenes. For example, AgNPs (7 ± 5 nm) were obtained using
dodecahydrazide derivatives of resorcinarene RA-8 as a reducing agent for AgNO3. [111]. Obtained
RA-8 AgNPs are sensitive towards histidine in the concentration range of 10 nM–10 μM. RA-8 AgNPs
interact with DNA and show free radical scavenging activity.

Not only hydrazide derivatives of resorcinarene can be used for reducing silver salts. Ferrocene
derivatives of resorcinarene RA-9 form associates which are capable of reducing silver ions into
AgNPs [112]. Also, presence of ferrocene fragments provides nanoparticles with catalytic activity in
oxidizing p-aminophenol to p-nitrophenol. Obtained AgNPs have a diameter of 30 nm according to
TEM. The thick shell of resorcinarene leads to differences among TEM-defined sizes, and the diameter
was determined by AFM and DLS (~60 nm).

In summing up this section, while resorcinarenes have similar cavity shapes, the selectivity
of resorcinarenes can be easily adjusted by varying upper rim substituents and bridge fragments.
The tendency to form dimeric capsules in the presence of a substrate is extremely favorable for creating
AgNPs-based colorimetric sensors. While a significant fraction of resorcinarene derivatives were used
for direct synthesis of AgNPs from silver ions, this should not be regarded as a feature specific to
resorcinarene derivatives, and most likely there are no obstacles to using similar strategies or similar
substituents with other cyclophanes. The use of resorcinarene-based AgNPs mainly consists in the
selective recognition of cations and biomolecules in an aqueous solution.

5. Supramolecular Self-Assembly of Pillar[n]arenes with Ag(I) Ions and
Pillar[n]arene-Based AgNPs

Pillar[n]arenes are a relatively novel class of para-cyclophanes, which was first described in
2008 [113]. These macrocycles attract special interest of researchers due to possibility of creating unique
supramolecular systems based on them [114]. Pillararenes have a number of attractive features, such as
synthetic accessibility, planar chirality and a tube-shaped three-dimensional structure, which provides
an electron-donor cavity and the possibility of stringing elongated acyclic and planar cyclic guest
fragments. Due to these unique properties, developing novel functional organo-inorganic nanomaterials
based on pillararenes is especially attractive [115]. The key feature of pillar[5]arenes compared to other
cyclophanes is the combination of a wide range of synthetically accessible functional fragments inherent
for calixarenes and resorcinarenes with the possibility of forming pseudo-rotaxanes, rotaxanes and
poly-pseudo-rotaxanes [116,117]. The presence of metal ions in supramolecular architectures allows to
adjust their properties and provides them with unique optical, magnetic and electric properties [118].

Therefore, substrate recognition in the case of pillararenes strongly depends on substrate geometry:
a higher affinity is observed if the substrate fits inside the cavity of pillararene. While using
aggregation-induced shift of the absorption band in substrate recognition is a common practice for
creating selective AgNP-based sensors, in the case of pillararenes the pattern of interaction with
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substrate can be in sharp contrast to other cyclophanes. For the other abovementioned cyclophanes
((thia)calixarenes, resorcinarenes), the substrate fits inside the cyclophane binding site or molecular
cage formed by several cyclophane molecules (e.g., dimeric capsules of resorcinarenes). On the contrary,
in the case of pillararene–AgNPs, interaction with substrate may effectively induce AgNPs aggregation
even if only some of its fragments are “inserted” into pillar-shaped cavities of pillararenes (Table 1).

5.1. Self-Assembly of Pillar[n]arenes with Ag(I) Ions

There are some publications that report formation of pillararene-Ag+ host–guest complexes [119].
Monosubstituted pillar[5]arene with a pyridine group PA-1 (Figure 8) is capable of forming dimers
in the presence of silver ions, forming supramolecular polymer in the presence of a homoditopic
guest [120]. The polymer obtained can reversibly bind H2S or I− in chloroform. The authors suppose
that the proposed material can be used for creating advanced sensor materials.

 

Figure 8. Structures of pillar[n]arenes.

1D-coordinated polymer based on disubstituted pillar[5]arene PA-2 containing thiopyridyl
moieties and silver cations was formed [121]. Upon addition of α,ω-dicyanoalkanes [CN(CH2)nCN,
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n = 2–8] (Figure 9) to that supramolecular system, 1D and 2D poly-pseudo-rotaxanes are formed
(Figure 10). The length of α,ω-dicyanoalkane significantly affects the structures of corresponding
polypseudorotoxanes: 1D poly-pseudo-rotaxane is formed with CN(CH2)2CN (G1). In the case of
CN(CH2)8CN (G2), 2D poly-pseudo-rotaxane is formed, in which the same guest is forming both
threads and crosslinks. The authors report that results obtained allow to create poly-pseudo-rotaxane
based inorganic/organic hybrid materials, incorporating macrocyclic components.

 

Figure 9. Structures of guest molecules for recognition using pillar[n]arene-based AgNPs.

Amphililic pillar[5]arene containing carboxylate charged fragments on one site of the macrocyclic
rim and lipophilic pentyl groups PA-3 does not form associates in water, but adding silver ions leads
to dendrite structures [122]. Stoichiometry, structure, sizes and morphology of associates formed are
studied by a complex of methods (DLS, TEM, SEM).

Unfortunately, there are few publications on the self-assembly of pillar[n]arenes and silver cations,
perhaps due to the fact that pillararenes are a new class of para-cyclophanes. However, the possibility
of pillararenes to form poly-pseudo-rotaxane structures with silver cations opens up prospects for the
creation of new materials with unique physical properties.
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Figure 10. Cartoon representation of molecular architectures obtained by self-assembly of pillar[5]arene
PA-2, silver ions and G1 and G2 guest molecules.

5.2. Synthesis and Application of Pillar[n]arene-Based AgNPs

Pillar[n]arene-modified AgNPs combine electronic, thermal and catalytic properties of metal
nanoparticles with the ability of molecular recognition of various guests fitting into the pillararene
cavity (Figure 9). The tendency to form complexes with substrates having long fragments fitting into
the pillararene cavity was described above. In a fashion similar to individual pillararene molecules,
if the substrate has several such fragments, formation of the complex results in aggregation of AgNPs.

In Prof. M. Xue’s group, AgNPs modified by decacarboxylate pillararene PA-4 and
dodecacarboxylate pillar[6]arene PA-5 were synthesized. Synthesis of AgNPs stabilized with a
water-soluble derivative of pillar[5]arene PA-4 with narrow size distribution (18.7 ± 2.18 nm) was
reported [123]. Nanoparticles were obtained by reducing silver nitrate (10 mM) with NaBH4 (50 mM)
in the presence of varying concentrations of PA-4. Optimal concentration of PA-4 (0.4 mM) was defined.
Obtained nanoparticles were stable at high temperatures over long time periods. AgNPs interact with
spermine G3 and its structural analogues leading to aggregation-induced sedimentation. Pillararene
PA-4-based AgNPs are capable of interacting with water-soluble guest molecules containing two
paraquate fragments G4 [124]. Adding of dodecacarboxylate PA-5 leads to the concurrent process
of guest binding with PA-5, which leads to disaggregation of PA-4-stabilized AgNPs. The authors
show that disaggregated nanoparticles can be used repeatedly: centrifugation allows to separate
PA-4-stabilized AgNPs and to redisperse them in water.
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Further studies with decacarboxylate derivatives of PA-4-stabilized AgNPs are reported [125],
and an electrochemical sensor has been developed, allowing detection of paraquate G5 (PQ) herbicide
(highly toxic for humans). In this work, PA-4-stabilized AgNPs were immobilized on graphene surface.
Glassy carbon electrodes modified with hybrid material obtained demonstrate pronounced sensitivity
towards PQ. They show good current response toward PQ, with limit of detection for PQ of 1.0 ×
10−8 M. Such synergism is explained by complementarity of the pillar[5]arene cavity towards PQ.

A green and facile approach towards synthesis of small AgNPs (3–4 nm) on a single-walled
carbon nanotube surface (SWCNT) modified with pillar[6]arene PA-6 containing 12 phosphate groups
was described [126]. Nanoparticles were obtained by adding aqueous solution of AgNO3 (10.0 mM)
to a dispersion of PA-6-SWCNT, following with slow addition of NaBH4 (0.1 M). Obtained AgNPs
show higher activity towards reduction of 4-nitrophenol and methylene blue degradation compared to
analogous catalysts. Highly sensitive electrochemical sensors based on obtained nanoparticles for PQ
detection has been developed. The authors report these results as a promising approach to create highly
effective catalytic nanomaterials for organic dye degradation and detection of highly toxic herbicides.

The same research group obtained AgNPs functionalized with pillar[6]arene PA-5 containing
12 carboxylate groups [127], which were cast on 2D covalent organic framework (COF) composite.
The obtained hybrid material has high sensitivity towards PQ. Electrodes based on this material can
detect 0.01–50 μM PQ with a detection limit of 0.014 μM.

AgNPs stabilized with water-soluble pillar[5]arene PA-7 and pillar[6]arene PA-8 containing 10 and
12 imidazolium fragments were obtained [128]. The concentration ratio of PA-8 to AgNO3 varied, the
optimal ratio was [PA-8]/[AgNO3] = 0.15, at which AgNPs size was 13.57 ± 2.18 nm. It was shown
that PA-8-stabilized AgNPs can be used as colorimetric sensor for selective detection of glutamic
acid G6 in water (in a row of lysine, arginine, histidine, glycine, glutamic acid, tyrosine, aspartic
acid and threonine). In the presence of glutamic acid, the colloid system color changes from yellow
to red (detection limit = 2.8 × 10−6 M). It should be noted that the pillar[5]arene derivative PA-7

does not show such selectivity. This work is a good illustration of the pillararene-specific pattern of
substrate recognition: substrate (or its fragment) should “fit” in the pillararene cavity for selective and
efficient recognition.

Silver nanoclusters were modified by monosubstituted pillar[5]arene PA-9 with fragments of lipolic
acid obtained both by straight synthesis in the presence of PA-9 and by ligand exchange [129]. It was
shown that they were stable at room temperature over a four-month period. Obtained nanoclusters
interact with neutral (alkylamine) and charged quaternary ammonium (G7) guest molecules, which
lead to the formation of spherical aggregates with unique optical properties. The authors report that
while alkylamines produced a 30-fold photoluminescence enhancement, positively charged quaternary
ammonium molecules induced an approximately 2000-fold photoluminescence enhancement that can
be perceived by the naked eye.

For summing up the publications mentioned, it is interesting to compare pillararene-functionalized
AgNPs to AgNPs modified with other cyclophanes, in contrast to (thia)calixarenes: complexation
with guest molecule, to a larger extent, is guided by “fitting” guest molecule fragments into the
macrocyclic cavity rather than by the nature and number of substituents. In contrast to resorcinarenes
where substrates should usually fit into the cavity of dimeric capsules to induce AgNPs aggregation,
for pillararenes it is enough to form inclusion complexes incorporating fragments of the substrate inside
pillararene cavities. It would be intriguing to see multisensor systems based on these different patterns
which would allow to effectively discern over a wide range of structurally related substrates. While
AgNPs functionalized with resorcinarene derivatives would most likely bind those guest molecules
which are best fit for dimeric capsules, pillararene-functionalized AgNPs would more effectively
aggregate in the presence of guest molecules containing alkyl and aryl groups, fitting inside cavities of
single pillararene molecules.
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6. Conclusions

This review summarizes recent progress in self-assembly of cyclophanes with silver cations
and in the design, synthesis and application of cyclophane-based silver nanoparticles until 2020.
Various strategies are used to create silver nanoparticles such as modifying, functionalizing, templating,
reducing and stabilizing. As mentioned in the above publications, the choice of functional groups of
cyclophanes for modification of AgNPs is quite similar. On the other hand, each class of macrocycles
(calix[n]arene, thiacalix[4]arene, resorcin[4]arene, pillar[n]arene) offers unique patterns of interacting
with the substrate. For example, significant differences in organic substrates that are recognized by
resorcinarene-modified AgNPs and pillararene-modified AgNPs are observed. Thiacalixarenes prove
promising for Ag nanocluster stabilization and for creating supramolecular ensembles with silver ions,
which encourages their use in supramolecular templating of AgNPs formed by reduction.

The obtained nanoparticles are used for recognition of various biomolecules in aqueous media,
namely amino acids, hydroxyl acids, proteins and nucleic acids. Based on cyclophane-capped silver
nanoparticles, electrochemical and colorimetric sensors were created for the selective determination
of heavy metal cations (Cu2+, Fe3+, Hg2+, Cd2+, Pb2+), anions (H2PO4

−, I−), amino acids (histidine,
aspartic acid, tryptophan, glutamic acid), polycyclic aromatic hydrocarbons and pesticides. Therefore,
we can conclude that over the last years cyclophanes have opened new and interesting opportunities
for selective substrate recognition (based on unique patterns of substrate-induced aggregation).
Depending on substrate structure, cyclophane type and functionality can be successfully devised.
While it was shown that silver nanoparticles can be successfully prepared in the presence of any
cyclophane mentioned above, it is still intriguing to study the relation between silver ion aggregation
with cyclophane and the sizes of AgNPs formed. Unfortunately, this field is still waiting to bloom.

It is certain that cyclophane-based silver nanoparticles will find application in many areas of
life. Cyclophane-functionalized AgNPs have proven promising for medicine and diagnostic fields.
The tendency of cyclophanes to form supramolecular assemblies with various substrates allows
using them in constructing AgNP-based colorimetric sensors due to substrate-induced nanoparticle
aggregation. Depending on the macrocyclic platform and functionalization, cyclophanes are selective
to a wide range of substrates. This possibility of adjusting association behavior ranges from small
inorganic and organic substrates, and allows creating AgNPs with adjustable cytotoxicity towards
different bacteria. A different pattern is implemented in electrochemical sensors: differences in affinity
towards substrates allow achieving a selective response towards small-sized substrates. The use of
cyclophanes for silver nanocluster stabilization is emerging. Also, there are future prospects for use
of cyclophane–silver ion assemblies as templates for Ag(0) nanomaterial designs due to manifold
morphologies of associates formed with silver ions. It can be concluded that, in the nearest future,
cyclophane-modified AgNPs and silver nanomaterials will find applications in nanoelectronics.
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Abbreviations

AgNPs Silver nanoparticles
CA Calixarene
TCA Thiacalixarene
PA Pillararene
RA Resorcinarene
TEM Transmission electron microscopy
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API Active pharmaceutical ingredient
PAHs Polycyclic aromatic hydrocarbons
SERS Surface-enhanced Raman scattering
DLS Dynamic light scattering
D-FAA N-Fmoc-d-aspartic acid
L-FAA N-Fmoc-l-aspartic acid
ppb Parts per billion
AFM Atomic force microscopy
BSA Bovine serum albumin
DMF Dimethylformamide
DNA Deoxyribonucleic acid
SEM Scanning electron microscopy
PQ Paraquat
SWCNT Single-walled carbon nanotube
COF Covalent organic framework
MOF Metal–organic framework
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Abstract: The use of biomolecules in nanomaterial synthesis has received increasing attention, because
they can function as a medium to produce inorganic materials in ambient conditions. Short peptides
are putative ligands that interact with metallic surfaces, as they have the potential to control the
synthesis of nanoscale materials. Silver nanoparticle (AgNP) mineralization using peptides has
been investigated; however, further comprehensive analysis must be carried out, because the design
of peptide mediated-AgNP properties is still highly challenging. Herein, we employed an array
comprising 200 spot synthesis-based peptides, which were previously isolated as gold nanoparticle
(AuNP)-binding and/or mineralization peptides, and the AgNP mineralization activity of each peptide
was broadly evaluated. Among 10 peptides showing the highest AgNP-synthesis activity (TOP10),
nine showed the presence of EE and E[X]E (E: glutamic acid, and X: any amino acid), whereas none of
these motifs were found in the WORST25 (25 peptides showing the lowest AgNP synthesis activity)
peptides. The size and morphology of the particles synthesized by TOP3 peptides were dependent
on their sequences. These results suggested not only that array-based techniques are effective for
the peptide screening of AgNP mineralization, but also that AgNP mineralization regulated by
peptides has the potential for the synthesis of AgNPs, with controlled morphology in environmentally
friendly conditions.

Keywords: AgNP; peptide array; biomineralization; green synthesis

1. Introduction

Different metallic nanoparticles, such as silver nanoparticles (AgNPs), have received marked
attention in various fields including molecular labeling [1], sensing [2], microbiocidal activities [3],
and catalysis [4]. To expand the characteristics of these molecules, such as optical, electronic,
and catalytic properties, numerous studies have focused on the regulation of AgNP synthesis. However,
the controlled synthesis of AgNPs, especially in an aqueous solution through a green synthesis course,
is still challenging. Hence, it is necessary to develop a technique to synthesize AgNPs, controlling their
morphology, size, and properties [5,6].

Biological molecules directed at the synthesis of metallic nanoparticles have received great
attention in recent years, due to their potential as green and economic synthesis methods [7–9].
Whereas various biological molecules, including pigments, nucleic acids and proteins are utilized for
nanoparticle synthesis and functionalization [7–13], peptides also comprise promising ligand molecules
that bind, not only metallic ions, but also metallic crystals. This is because variants are designed
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abundantly from combinations using amino acids with various physicochemical properties through
chemical synthesis [14–18]. Among a wide range of functional peptides, catalytic peptides used for
nanoparticle synthesis regulation, named mineralization peptides, have commonly been isolated from
peptides that are strongly bound to target crystals [14–16]. Considering the chemical equilibrium
of crystalline nanoparticles and their metallic ions in solution, it has been suggested that the strong
binding of peptides stabilizes the crystals, resulting in a shift in the equilibrium from an ionic state
towards that of the crystal; specifically, target crystal mineralization is mediated by peptide addition.
AgNP mineralization by peptides has been investigated for the development of an AgNP-synthesis
technique in ambient conditions [19,20]; however, detailed analyses of peptide directed-AgNP property
design are still required.

In this research area, one of the limitations is the number of known AgNP mineralization peptides.
To evaluate the mineralization mechanism, additional AgNP-mineralization peptides are required.
Among the various techniques used for peptide screening (e.g., phage display library, cell surface
display library, ribosome library), coherent membrane-supported peptide array libraries based on
spot-synthesis are known to have different advantages, such as ease of peptide sequence identification
(DNA sequencing is not necessary), chemical synthesis without a biological organism, and the gain
of mineralization activity data from positive (high-mineralization peptides) to negative (weak- or
null-mineralization) with amino acid sequences [21,22]. In a previous study, we developed a technique
to screen nanoparticle-binding peptides using the peptide array technique [23–26]. Among them,
gold nanoparticle (AuNP)-binding peptides were isolated through the design of an array based on
variations in the amino acid frequency, informed by empirical results of their binding assays [25].
This simple strategy resulted in approximately 1800 peptides with various AuNP-binding affinities.

In this study, we explored the green synthesis of AgNPs, using peptides without any environmentally
hostile chemicals (e.g., NaBH4). To investigate the AgNP mineralization by peptides, peptide array
technology was used to identify a list of mineralization peptides with various physicochemical
properties. The peptide library was designed from an AuNP-binding peptide, previously reported,
because many of these peptide sequences revealed AuNP mineralization activity [15,25]. To expand the
potential for other nanoparticle synthesis, the top 200 AuNP-binding peptides were herein evaluated
in terms of AgNP mineralization activity.

2. Results

2.1. Screening of AgNP Mineralization Peptide Using Peptide Array Consisting of AuNP-Binding Peptides

To screen various types of AgNP mineralization peptides, AgNP mineralization properties of
the top 200 (TOP200) high AuNP-binding peptide sequences (Table S1 in [15]) were investigated.
Based on the result shown in Figure 1a, approximately 50 AgNP mineralization peptides were isolated
using the peptide array. After a 7-h incubation of the peptide array in an aqueous solution of 50 mM
AgNO3 in MilliQ water, individual peptide array spots were observed to change color, indicative
of AgNP mineralization. The mineralization profiles using a peptide array with the same peptide
library were not identical to the results of an AuNP mineralization evaluation previously reported [15].
From this observation, the mineralization mechanism associated with peptides seems to be different
between AuNP and AgNP mineralization. The observed colors were yellowish and consistent at all
mineralizing peptide spots, except those of peptide 64 (AESEHEWEVA) and 112 (NWELEEHSAS)
(Figure 1a), showing an orange-yellow color.

146



Int. J. Mol. Sci. 2020, 21, 2377

Figure 1. Screening of silver nanoparticle (AgNP) mineralization peptides using peptide array consisting
of AuNP-binding peptides. (a) Representative image of peptide array after biomineralization reaction
by soaking in AgNO3-containing solution for 7 h. (b) Amino acid frequencies for high-mineralization
peptides (TOP25) and low-mineralization peptides (WORST25), based on the brightness evaluation
from each peptide spot using ImageJ. (c) Physicochemical properties of high- and low-mineralization
peptides. Physicochemical properties of high-binding TOP25 peptides (blue circle) and worse binding
WORST25 peptides (black circle), based on pI and GRAVY (the grand average of hydropathy) values.
The latter is considered the average hydropathy value for all amino acids in a peptide sequence;
therefore, high GRAVY values denote hydrophobicity.

In addition, comparative analyses of amino acid frequencies and sequences among the TOP25
peptides are shown in Figure 1b. Comparing the amino acid frequency with the average of all 200
library peptides, results indicated a significantly higher proportion of acidic amino acids, including
aspartic acid (D) and glutamic acid (E) monomers in AgNP mineralization peptides, whereas these
were notably reduced in the bottom 25 (WORST25) peptides. It is probable that this results from
the negative charge of amino acids, which can interact with Ag+. In terms of other minerals of
magnetite and hydroxyapatites, the importance of these amino acids has also been reported; however,
the mechanisms are still controversial [22–24]. Therefore, these residues could comprise a prerequisite
for all AgNP biomineralization peptides. The importance of acidic amino acids was also supported
by the plot analysis of peptide physicochemical properties (Figure 1c). Almost all peptides were
found in a region of hydrophilicity and a low isoelectric point (pI), whereas the bottom 25 (WORST25)
peptides were widely spread in the chart. The amino acid frequency and physicochemical properties of
AgNP mineralization peptides were different from those of AuNP mineralization peptides (Figure S1).
A tryptophan residue was clearly an important amino acid for AuNP mineralization, and the pI
and hydropathy values did not appear to coincide with the Au mineralization activity. A detailed
investigation based on these differences would contribute to the elucidation of metallic nanoparticle
mineralization peptides and their sequence design to control particle properties.

In the image of the peptide array after AgNP mineralization activity evaluation, peptides
demonstrating strong Ag mineralization are signified by a low summed color intensity value. The TOP10
peptides (re-named AgMP1–10; Ag mineralization peptide 1–10) and the WORST10 are listed with
their physicochemical properties in Tables 1 and 2, respectively. Interestingly, nine peptides of the
TOP10 peptide sequences were found to have a unique motif, specifically EE and E[X]E (E: glutamic
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acid, and X: any amino acid), whereas none of these motifs were found in the WORST10 peptides
(Tables 1 and 2). The motif collectively possessing glutamic acids would be an important factor for
AgNP mineralization by peptides.

Table 1. List of Ag mineralization peptides (TOP10) screened, and their physical properties.

Peptide No. Sequence Mineralization Activity 1 pI 2 GRAVY2 2

AuP64 (AgMP1) AESEHEWEVA 162.9 4.09 −1.11
AuP13 (AgMP2) EEPHWEEMAA 168.2 4.09 −1.42
AuP11 (AgMP3) PEESQEGWMA 168.2 3.67 −1.4
AuP112 (AgMP4) NWELEEHSAS 169.4 4.24 −1.41
AuP139 (AgMP5) ETEWLGHETL 174.7 4.24 −0.88
AuP41 (AgMP6) WSEETEMWPL 177.8 3.67 −0.97
AuP82 (AgMP7) WQENSMEENW 183.9 3.67 −2.17
AuP180 (AgMP8) HWWWEHEMEH 185.1 5.22 −2.09
AuP165 (AgMP9) EGSDHPSWNQ 186.0 4.35 −2.17
AuP28 (AgMP10) PEEGPHSLWH 186.3 5.23 −1.49

1 Using Image quant software, the mineralization activity of each peptide was determined through the quantitative
analysis of spot color intensity for peptide array images. Average values for peptide spots are shown from
triplicate independent experiments. 2 Based on the ProtParam tool in ExPASy (http://web.expasy.org/protparam/),
the isoelectric point (pI) and the grand average of the hydropathy value (GRAVY) were shown.

Table 2. List of Ag mineralization peptides (WORST10) screened and their physical properties.

Peptide No. Sequence Mineralization Activity 1 pI 2 GRAVY 2

AuP77 YWASHKHWWW 221.2 8.61 −1.42
AuP173 WMMWGWVHEI 221.6 5.24 0.27
AuP65 TQWHEWHWYQ 221.9 5.98 −2.16

AuP155 NWTHWSTTQH 222.0 6.92 −1.81
AuP137 VHYGSQIEWG 222.7 5.24 −0.53
AuP95 AHALWIWHKT 223.0 8.76 −0.09

AuP125 TTWHGFPWAG 223.1 6.74 −0.42
AuP74 VLWRHEWAWK 223.1 8.75 −0.80

AuP116 WHHWAQGWHG 223.5 7.02 −1.48
AuP117 YEAVSTTWQS 224.0 4.00 −0.62

1 Using Image quant software, the mineralization activity of each peptide was determined through the quantitative
analysis of spot color intensity for peptide array images. Average values for peptide spots are shown from
triplicate independent experiments. 2 Based on the ProtParam tool in ExPASy (http://web.expasy.org/protparam/),
the isoelectric point (pI) and the grand average of the hydropathy value (GRAVY) are shown.

2.2. Ag Nanoparticle Synthesis by Screened Mineralization Peptides

The AgNP mineralization activity of the top three (TOP3) peptides (AgMP1; AESEHEWEVA,
AgMP2; EEPHWEEMAA, and AgMP3; PEESQEGWMA) was further investigated for use in the
one-pot green synthesis of AgNPs in aqueous solution. Herein, in the presence of different peptide
and AgNO3 concentrations, AgNP mineralization was demonstrated (Figure 2). Particle synthesis by
AgMP1 and AgMP2 was confirmed easily by the naked eye, and orange/yellow pigments derived from
synthesized AgNPs were observed, whereas no color change was found in the presence of AgMP3 or
without peptide. Therefore, it was shown that for the identified peptides, at least two can function in
AgNP mineralization. In addition, according to the increase in peptide and AgNO3 concentrations,
the increase in absorbance signals at 450 nm, indicative of AgNP mineralization, was found in the
presence of AgMP1 and AgMP2, whereas no significant change was found in the presence of AgMP3
and in the absence of peptide. When the reaction was conducted with 5 mM of each peptide (AgMP1
and AgMP2) and 50 mM AgNO3, maximum absorbance signals were observed.
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Figure 2. Silver nanoparticle (AgNP) synthesis using the top three (TOP3) screened peptides (AgMP1,
AgMP2, and AgMP3) from the peptide array. Mineralization was evaluated based on absorbance
intensity (450 nm) in the presence of different concentrations of peptides (0, 0.25, 0.5, 1.0, 2.5, and 5.0 mM)
and AgNO3 (0.5, 5.0, and 50 mM).

To further characterize the mineralization mediated by peptides, time-course analyses of AgNP
synthesis were performed, showing gradual AgNP synthesis (Figure 3). Clearly, different absorbance
spectra were obtained by using AgMP1 and AgMP2, whereas no significant absorbance was found in
the negative control (without peptide). The solution containing AgNPs synthesized by AgMP1 had
two absorbance peaks at 420 nm and one broad peak at approximately 490 nm. The AgMP2-based
solution revealed one broad absorbance peak at 450 nm. These spectra are expected to be derived from
localized surface plasmon resonance (LSPR) by synthesized AgNPs. As the LSPR wavelength depends
on the shape, size, and agglomeration state [25–27], it was suggested that the synthesized AgNPs have
different characteristics.

Figure 3. Time-dependent changes in absorption spectra of silver nanoparticles (AgNPs) synthesized by
screened peptides, including AgMP1(AuP64) and AgMP2(AuP13). The mineralization was monitored
until 132 h in the presence of each mineralization peptide (5 mM) and AgNO3 (50 mM). Images of
solutions containing AgNPs synthesized by each peptide at 132 h are included.

2.3. Transmission Electron Microscopic (TEM) Observation of AgNPs Synthesized by Screened
Mineralization Peptides

A TEM observation of synthesized AgNPs by each peptide (AgMP1 and AgMP2) was conducted
(Figure S2). These two solutions contained two types of particles, large agglomerate and small spherical
particles. Interestingly, the morphologies of agglomerate particles were obviously different in each
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sample. In the presence of AgMP1, large agglomerates made by vertically overlapping nanoplates
(mainly triangle nanoplates) with sizes of 250 nm to 1 μm were found. To the best of our knowledge,
there are no reports of a silver agglomerate with this unique morphology. In general, the triangle silver
nanoplate revealed absorbance at 420 nm and the red-shifted region [27,28]. Therefore, two absorbance
peaks at 420 and 490 nm might be observed in the solution containing AgNPs synthesized by AgMP1.
In addition, as an increased absorbance in the whole range of wavelengths was found, the aggregation
of biomineralized AgNPs seems to have occurred. This was supported by TEM observation; large
agglomerates were found in the solution. From the size evaluation of more than 350 randomly selected
AgNPs, the size of small spherical nanoparticles was 19.1 ± 9.3 nm. The AgNPs synthesized by AgMP2
showed large agglomerates with a coral morphology and a smaller size range than that of AgNPs
derived from AgMP1 (200 to 750 nm). The small spherical nanoparticles were also smaller (4.9 ± 2.4 nm)
than the AgNPs synthesized by AgMP1.

3. Discussion

Using a list of AuNP-binding peptides synthesized on a peptide array, AgNP mineralization
activity was evaluated. As a result, more than 50 AgNP mineralization peptides were effectively
isolated (Figure 1). This is probably because Au and Ag have similar metallic properties and the utilized
peptide library contains a large number of tryptophan molecules, which could play an important role
as electron donors for particle formation. The result obtained here suggests that the 200 peptides have
potential for the synthesis of other nanoparticles. However, the AgNP mineralization activity of isolated
peptides was not consistent with that of AuNPs. This was very interesting because this observation
reveals the potential of peptide isolation for metallic species-specific mineralization, through further
comparative studies with other metals.

From the sequence analysis of isolated AgNP mineralization peptides, EE and E[X]E (E: glutamic
acid, and X: any amino acid) motifs were found. For this kind of analysis, it is beneficial to use peptide
array technology, because the activity information could be obtained from all peptides, whereas it
is difficult to use a positive screening technique including phage display library-based screening.
In addition, the results indicated that the AgMP1 and AgMP2 peptides have two and three EE and
E[X]E (E: glutamic acid, and X: any amino acid) motifs in their sequence, respectively, whereas AgMP3
has only one. This observation suggested that the number of EE and E[X]E (E: glutamic acid, and X:
any amino acid) motifs is important for peptide-based AgNP mineralization in solution.

As shown in Figure 3, the AgNP mineralization reaction was still occurring, even after 132 h.
In the case of AuNP mineralization, when G1 (ETGHHIWEWM) and B3 (ASHQWAWKWE) peptides
were used, AuNPs of 2.6 ± 1.2 nm and 34.7 ± 6.7 nm were synthesized, respectively [15]. Interestingly,
the reaction for smaller particle synthesis with an irregular shape reached a plateau within 10 min,
whereas the synthesis of larger particles with unique morphologies, including triangle nanoplate and
decahedron particles, required approximately 12 h [15]. As AgNPs with unique morphologies were
also observed after long reaction times in this study, the difference in reaction kinetics seems to be a key
factor for the formation of different sizes and morphologies of AgNPs, as discussed in a previous study
on AuNP synthesis regulation [29–31]. In addition, further investigation of the interaction between
peptides and specific crystal facets should be performed to elucidate the morphological regulation,
because various biological molecules bound to a specific crystal surface are suggested to contribute to
morphological regulation in the biomineralization process [32–36].

In conclusion, using a peptide array comprising an AuNP-binding peptide library, AgNP
mineralization peptide screening was performed and identified approximately 50 different peptide
candidates. From these sequence analyses, some unique characteristics, including amino acid frequency
and physicochemical properties with a unique sequence motif, specifically EE and E[X]E (E: glutamic
acid, and X: any amino acid), were found. Interestingly, among the TOP3 AgNP mineralization peptides
isolated from the peptide array, two peptides (named AgMP1 and AgMP2) were revealed to possess
AgNP-synthesis activity resulting in different morphologies. Moreover, it should be noted that although
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detailed analyses were only performed for two peptides screened in this study, the investigation
could be expanded to the entire array of peptides. A comprehensive analysis using various peptides
might contribute to the elucidation of AgNP mineralization by peptides and peptide design for
morphologically controlled AgNP synthesis through a one-pot green course. The investigation of
particle properties of each AgNP synthesized by the peptides might also lead to particle applications
in various fields.

4. Materials and Methods

4.1. Peptide Array Synthesis Using Spot Technology

We used a cellulose membrane (grade 542; Whatman, Maidstone, UK), activated by β-alanine as
the N-terminal basal spacer, as reported previously [37,38]. With a peptide auto-spotter (ResPepSL;
Intavis AG, Köln, Germany), each activated Fmoc amino acid (0.5 M) was spotted on the membrane,
as per the manufacturer’s instructions. After adding the first amino acid residue, the remaining amino
groups were blocked with 4% acetic anhydride. The membrane, deprotected with 20% piperidine in
N,N′-dimethylformamide (DMF), was subsequently washed thoroughly with DMF, followed by ethanol
at each amino acid elongation process. After the final deprotection step, side-chain-protecting groups
were deprotected using a solution of m-cresol:thioanisol:ethandithiol:trifluoroacetic acid (1:6:3:40) for
3 h. The membranes were finally carefully washed with diethyl ether and ethanol and dried.

4.2. Screening of AgNP Mineralization Peptides Using Peptide Array

To screen AgNP mineralization peptides, 200 AuNP-binding and/or mineralization peptides
were synthesized on a cellulose membrane. The synthesized membrane was incubated in an aqueous
solution of 500 mM AgNO3 in MilliQ water under fluorescent light. After incubation for 7 h, individual
peptide array spots were observed to change color, indicative of AgNP mineralization. After washing
twice with MilliQ water, the mineralization activity of each peptide was evaluated quantitatively,
based on the color intensity derived from AgNP mineralization activity onto peptide spots. This was
measured from digitized images of the peptide array after the mineralization experiment (ImageQuant
TL software, GE Healthcare, Tokyo, Japan).

4.3. AgNP Synthesis and Characterization Using Screened Mineralization Peptides

To evaluate the effects of AgNP mineralization peptides on AgNP synthesis in free aqueous
solution (not on the peptide array), chemically synthesized and purified peptides were added to
the reaction solution. The peptide was synthesized following the standard Fmoc-based solid-phase
protocol, with a Respep SL automatic peptide synthesizer (Intavis AG, Köln, Germany). Briefly,
Fmoc protected amino acid residues were applied to the TentaGel Resin stepwise for elongation of the
peptide chain. The synthesized peptide was deprotected with 20% piperidine in DMF and cleaved from
the scaffold resin by the cleavage cocktail containing TFA, water, thioanisole, phenol, EDT, and TIPS
(82.5:5:5:2.5:1). Peptides were precipitated in cold diethyl ether and dissolved in 30% acetonitrile for
storage in a form of freeze-dried powder. Purification was performed with an ODS-80TS column
(Tosoh Corp., Tokyo, Japan) and a high-performance liquid chromatography (HPLC) system (LC-20AR,
CBM-20A, SIL-20AC, CTO-20AC, SPD-20AV, Shimadzu Corp., Kyoto, Japan), before measuring the
molecular weight by matrix assisted laser desorption/ionization mass spectrometry (AXIMA-CFRPlus,
Shimadzu Corp.) (Figure S3). The final purity of the peptide was confirmed to be > 85% using an
ODS-100Z column (Tosoh Corp.) and the HPLC system (Shimadzu Corp.)

Three different peptides comprising three AgMPs screened using a peptide array (AgMP1;
AESEHEWEVA, AgMP2; EEPHWEEMAA, and AgMP3; PEESQEGWMA) were investigated.
The peptide powders were dissolved in 100% DMSO (100 mM peptide). After confirming that
DMSO did not affect Ag mineralization, different volumes of the peptide solution were added to
AgNO3 containing MilliQ water for Ag mineralization evaluation.
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TEM analysis was performed using a Hitachi H7650 microscope (Hitachi, Tokyo, Japan), operating
at a working voltage of 100 kV. Specimens were prepared through the drop-casting of 1.5 μL of
the sample dispersion onto a formvar-coated 200-mesh Cu grid (Nisshin EM, Tokyo, Japan) and
washed with MilliQ water twice. The average sizes (± SD) of nanoparticles were obtained by manually
counting>350 randomly selected particles in TEM images. UV-vis optical absorbance of the AgNPs was
delineated using a microtiter plate reader (PowerScan 4, DS Pharma Biomedical Co., Ltd., Osaka, Japan).
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Abstract: In this paper, we demonstrate plasmonic substrates prepared on demand, using a
straightforward technique, based on laser-induced photochemical reduction of silver compounds on
a glass substrate. Importantly, the presented technique does not impose any restrictions regarding
the shape and length of the metallic pattern. Plasmonic interactions have been probed using both
Stokes and anti-Stokes types of emitters that served as photoluminescence probes. For both cases,
we observed a pronounced increase of the photoluminescence intensity for emitters deposited on
silver patterns. By studying the absorption and emission dynamics, we identified the mechanisms
responsible for emission enhancement and the position of the plasmonic resonance.

Keywords: silver nanostructures; silver islands film; silver deposition; metal enhanced luminescence

1. Introduction

Metallic nanostructures can modify the spectral properties of quantum emitters localized in
their vicinity. When both the distance and the spectral relations between them are properly chosen,
absorption and emission rates can be significantly enhanced [1–3]. Modern chemical synthesis methods
enable to control and tailor the spectral properties of the metallic nanoparticles. By changing sizes
and shapes of nanoparticles (spheres, rods, triangles, stars, rings, wires, etc.), spectral positions of the
resonance peak can be shifted across a broad spectral range, from ultraviolet to near-infrared [4,5].
The position of the plasmon resonance can be additionally controlled by changing the type of material
that the particle is made of [6]. Presently, noble metals like silver and gold are the most widely used.
Since metallic nanoparticles are usually synthesized using wet chemistry techniques, their optical
properties are inevitably affected by particle size/shape dispersion. Thus, the optical properties of a
particular nanoparticle can only be investigated using advanced experimental techniques, based on
single-molecule detection [7], and in the case of macroscopic experiments, only a statistically averaged
response from the sample can be probed.

Among plasmonically active platforms, silver islands films (SIFs) play an important role. The SIF
substrate consists of randomly deposited silver islands, formed during a reduction reaction of silver
nitrate on glass [8,9]. The synthesis is quite straightforward and low-cost, and such substrates have
been shown to exhibit strong plasmonic properties. Namely, they can modify transition rates of nearby
emitters. It has been shown, for instance, that quantum dots deposited on SIFs feature emission
enhancement factors of about 5 [10], whereas even 200-fold fluorescence enhancement has been recently
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observed for photosynthetic complexes deposited on SIFs [11]. Besides fluorescence microscopy, SIFs
have also been applied to increase the sensitivity of Raman [12] and TIRF microscopy [13]. Nonetheless,
with respect to the metallic nanoparticles, SIFs feature some disadvantages. First of all, due to a high
degree of sample inhomogeneity, the spatial distribution of islands as well as their sizes and shapes are
random and cannot be controlled. In addition, the method of SIF fabrication implies in principle that
the whole substrate is covered with silver islands, limiting their use as high optical contrast substrates.

In this work, we demonstrate that silver nanostructures fabricated using a laser-induced
photochemical reaction [14,15] are plasmonically active for both Stokes and anti-Stokes emitters.
The method, in contrast to the wet chemistry SIF preparation, uses a tightly focused laser beam
to initialize the reaction. Depending on the resolution of the optical system, the paths can feature
submicrometer widths with practically no restrictions regarding their shapes and sizes. Scanning
electron microscopy images confirm island-like morphology of the paths. The results of fluorescence
microscopy on the other hand, indicate that these silver nanostructures can enhance the optical
response of two qualitatively different emitters: peridinin-chlorophyll-proteins (PCPs) and rare-earths
doped nanocrystals (NCs). PCP complexes are efficient natural proteins responsible for efficient light
harvesting complexes [16,17], while the up-converting NCs allow conversion of the light from the
infrared to the visible [18]. Experimentally measured enhancements are of the order of 5–7, and both
an increase of absorption as well as radiative emission rates contribute to this remarkable effect.
The demonstration that such high quality plasmonically-active patterns of arbitrary shape can be used
for enhancing the optical response of organic and inorganic materials opens a way to implement these
structures for optoelectronic and sensing devices.

2. Results and Discussion

The influence of silver islands, fabricated using the photochemical approach on the optical
properties of emitters, was evaluated for both Stokes and anti-Stokes nanostructures, i.e., photoactive
protein, peridinin-chlorophyll-protein, and rare-earth doped nanocrystals, respectively.

2.1. Photoactive Protein

Peridinin-chlorophyll-protein is a well-known light-harvesting complex. It consists of eight
optically active peridinin molecules and two chlorophylls [19]. Its absorption spectrum is dominated
by a broad band localized between 400 and 550 nm, attributed to the electric-dipole transition in
peridinins and absorption of the chlorophylls via the Soret band (Figure 1a). Additional absorption at
655 nm comes from chlorophylls. The emission can be activated either via peridinins, which transfer
the excitation energy to the chlorophylls, or via chlorophyll absorption bands. The Stokes-shifted
emission of the PCP is observed at 670 nm and it is characterized by a monoexponential decay profile,
as shown in Figure 1b.

Figure 1. (a) Absorption and emission spectra of peridinin-chlorophyll-protein (PCP) complexes.
(b) Photoluminescence decay transients acquired for PCPs deposited on glass (black line) and silver
stripes (red line).
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The sample was prepared by spin-coating (3000 rpm for 1 min) the aqueous solution of PCP
(2 μg/mL) on a glass substrate with previously deposited silver stripes. Experiments were carried
out using wide-field fluorescence microscopy and confocal fluorescence microscopy for determining
the intensities and decay curves of PCP emission, respectively. The wide-field microscope (Eclipse
Ti-S, Nikon, Japan) was equipped with an oil immersion objective (Plan Apo 60× NA = 1.4, Nikon,
Japan), a set of LED illuminators, and an EMCCD camera (iXon, Andor, UK) mounted in the detection
channel. The confocal microscope used the same objective, picosecond excitation lasers (BDL-SMN
series, Becker&Hickl, Germany), and fast detection based on time correlated single photon counting
system (SPC-130-EMN, Becker&Hickl, Germany) coupled with single photon counting module (ID100,
ID Quantique, Switzerland).

Emission intensity maps obtained for four excitation wavelengths of 405 nm, 480 nm, 535 nm,
and 630 nm, are displayed in Figure 2. The broad absorption spectrum of PCP complexes makes it
possible to use a range of excitation wavelengths, an approach often applied for studying plasmonic
interactions in similar systems [20]. The sequence of excitation wavelengths was reversed (from 630 nm
to 405 nm) in order to minimize any influence of photobleaching, which is expected to be the strongest
for shorter wavelengths. The fluorescence intensity maps indicate homogeneous distribution of the
PCP complexes across the surface, except for one agglomerate. There were two important observations:
(1) the emission intensity of PCP complexes placed in the vicinity of the silver stripes was considerably
higher than elsewhere, and (2) the scale of this enhancement depended on the excitation wavelength.
Both results confirm that silver islands fabricated using the photochemical approach not only can
be printed on the surface with remarkable accuracy, but also that these structures are plasmonically
active. In other words, they can be used for controlling the optical properties of emitters located at their
proximity. Calculated enhancement factors are equal to approximately 2 for 405 nm, 3 for 480 nm, 2.5 for
535 nm, and around 1.5 for 630 nm. It is known that spatial localization of the electromagnetic field by
metallic nanoparticles may result in plasmon enhanced absorption in nearby emitters [21]. Indeed,
the results of fluorescence imaging indicate that photochemically deposited silver stripes enhance
the PCP absorption, and that this effect is wavelength-dependent, with the maximum enhancement
detected for 480 nm, which corresponds approximately to the plasmon resonance.

Figure 2. Photoluminescence intensity maps acquired for PCP complexes deposited on a glass substrate
with photochemically deposited silver stripes. Excitation wavelengths of: (a) 405 nm, (b) 480 nm,
(c) 535 nm, and (d) 630 nm were used with the excitation power of 100 μW.
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In addition to enhancing the absorption, metallic nanostructures may also—under appropriate
geometrical and spectral conditions—influence the radiative properties of the emitters. In order to
probe this process, we compared fluorescence transients measured of PCP complexes deposited on
silver stripes and on glass. For the excitation, we used picosecond lasers operating at 405 nm, 488 nm,
and 630 nm. The emission was extracted using a bandpass filter (670/10 nm), matching the emission of
PCP chlorophylls. The comparison plotted in Figure 1b confirms that interaction with silver stripes
indeed affect the emission of chlorophyll in the protein. In contrast to the reference, the decay measured
for PCPs on silver stripes consists of two components: a fast one of about 0.3 ns, and a slow one
of about 2.8 ns, referring to the emission from isolated PCPs. The presence of the fast component
indicates an increase of the emission rates due to the interaction with the silver stripes, known as
Purcell effect [22]. In this process, the probability of spontaneous emission is increased due to modified
local density of states, caused by the presence of the metallic nanoparticles [23]. Higher probability of
the spontaneous emission leads to more absorption–emission cycles realized in a second by a single
emitter, and thus contributes to the emission enhancement. The slow component, however, indicates
that some PCP complexes are not coupled to the silver stripe—probably because of larger separation
from the stripe—and decay with the rate of the reference. We found no measurable dependence of the
emission dynamics on the excitation wavelength.

2.2. Up-Converting Nanocrystals

Erbium-ytterbium doped NaYF4 nanocrystals were synthesized by wet chemistry, as described
elsewhere [24]. They exhibit efficient anti-Stokes luminescence, commonly referred to as energy transfer
up-conversion emission [25]. In this system, Yb3+ plays the role of a donor, whereas Er3+ is the acceptor
of the energy. The mechanism of the energy conversion involves several electronic states of erbium
and is presented in Figure 3. Nanocrystals excited at 980 nm show visible up-conversion emission
lines, centered at 550 and 660 nm, assigned to the 2H11/2+

4S3/2→4I15/2 and 4F9/2→4I15/2 electric-dipole
transitions in Er3+ ions, respectively (Figure 4a) [25]. Typical photoluminescence transient acquired at
660 nm for a single NC on glass is presented in Figure 4b. The transient has a bi-exponential character,
and can be globally described by the averaged time constant of about 120 μs [25].

Figure 3. Simplified energy diagram of Er3+ and Yb3+. Dotted arrows illustrate energy transfer and
other non-radiative processes leading to the up-conversion photoluminescence (green and red lines).
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Figure 4. (a) Absorption and emission spectra of NaYF4:Er3+/Yb3+ nanocrystals. (b) Photoluminescence
transients acquired for nanocrystals deposited on glass (black line) and silver stripes (red line).

Nanocrystals, with an average diameter of about 30 nm, were dispersed in chloroform, where they
form an optically stable colloid. A quantity of 10 μL of the NCs colloid (10 mg/mL) was spin-coated
(3000 rpm for 1 min) on a glass substrate with previously fabricated silver stripes, as presented in
Figure 5a. The concentration of the colloid was optimized to obtain a close to homogeneous layer
of the nanocrystals on the sample surface. To fabricate the metallic nanostructure, we applied the
same protocol of silver deposition; however, the exposure time was in this the same for each stripe
(200 ms). For measuring luminescence of NCs, we used a confocal microscope (Eclipse Ti-S, Nikon,
Japan) equipped with an oil immersion objective (Plan Apo 60× NA = 1.4, Nikon, Japan), a 10 mW
excitation laser operating at 980 nm, and a single photon counting module (SPCM-AQR-16, Perkin
Elmer, Canada). As the up-conversion is a more power-demanding process, we used a confocal
excitation and detection scheme in order to assure for sufficient power densities. Photoluminescence
intensity map acquired for a 660 nm emission is displayed in Figure 5b. The NCs are distributed rather
homogeneously on the substrate, and similarly as for the PCP complexes, NCs placed in the vicinity of
the silver stripes feature a much stronger emission compared with the reference. Indeed, there are
some very bright emission spots, which we attribute to the emission originating from nanocrystals
placed in the optimal positions with respect to the silver islands. In this case, the enhancement factor
reaches values of about 6. The intensity of the up-conversion emission depends quadratically on the
excitation power. Thus, if enhanced absorption appears, it leads to a greater enhancement factor than
observed for Stokes-like emitters. Importantly, the emission pattern recorded for the second emission
band of the NCs (550 nm) is identical, and show similar enhancement factor.

Figure 5. (a) Silver paths visualized by a confocal microscope. (b) Photoluminescence intensity maps
acquired from nanocrystals (NCs) deposited on a silver-decorated glass substrate, and (c) from NCs
deposited on arbitrarily shaped metallic structures. The excitation wavelength was 980 nm.

In analogy to the experiments carried out for the photoactive protein, PCP, in the case of the
up-converting NCs, we have also performed time-resolved luminescence measurements in order to
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demonstrate the influence of metallic nanostructures on the radiative processes. For the excitation,
an electrically modulated laser operating at 980 nm generating pulses of about 1 μs in width was used.
A typical transient collected from NCs deposited onto the silver stripes is presented in Figure 4b. While,
similarly to the reference, the decay features a bi-exponential character, the global average decay time
was found to be considerably shorter, namely 60 μs. We attribute the reduction of the decay constant to
the increase of the emission rate due to the Purcell effect. Two-fold increase of the emission rate is not
sufficient to account for the observed enhancement factors; thus, we can conclude that both processes
are responsible to a similar degree for the enhancement of the emission intensity of up-converting NCs
deposited over the silver stripes.

One of the key advantages of the photochemical approach described in this work concerns the
ability of printing an arbitrarily shaped plasmonically active pattern. In Figure 5c, we present a
luminescence image measured for up-converting NCs deposited over a 60 μm high symbol of the Dirac
constant. The structure was prepared within a couple of minutes with the exposure time of 100 ms for
each point. The emission was collected for the 660 nm band of the NCs upon excitation at 980 nm.
In accordance with the previous results, the emission of the NCs is also strongly enhanced due to the
coupling with metallic nanostructures. Indeed, the enhancement factors amount to approximately 5.

3. Materials and Methods

Plasmonically active metallic nanostructures have been prepared on glass substrates using a
confocal fluorescence microscope (Eclipse Ti-S, Nikon, Tokyo, Japan), equipped with a continuous-wave
laser operating at 405 nm. A high numerical aperture oil immersion objective (Plan Apo 60× NA = 1.4,
Nikon, Tokyo, Japan) ensured a small, diffraction-limited diameter of the laser spot (~200 nm) for
precise spatial localization of the deposited material. Subsequently, a glass coverslip (#1, Carl Roth,
Neunkirchen, Germany), previously cleaned in a Hellmanex II (Hellma, Müllheim, Germany) solution,
was mounted on an XY piezoelectric stage of the microscope. Then, 10 μL of a freshly prepared 2 mmol
solution of silver nitrate (AgNO3, >99%, Sigma-Aldrich, St. Louis, MO, USA) mixed in 1:1 proportion
with 2 mmol of trisodium citrate (NaCit, >99%, Acros, Merelbeke, Belgium) was placed on top of the
coverslip (Figure 6). The laser, providing an optical power of about 1 mW, which was sufficient to
activate the photochemical reaction, was illuminating the sample while moving the piezoelectric stage.
The duration of the reaction was controlled by the laser operation time, triggered and synchronized
with the movement of the piezoelectric stage by a computer. After the photochemical deposition of
silver was completed, the substrate was rinsed in distilled water and dried under ambient condition.
In order to avoid silver oxidation, the substrates were used within 24 h from preparation.

Figure 6. Geometry of the photochemical deposition of silver on a glass substrate. The glass coverslip
is mounted above the microscope objective, while a droplet of AgNO3 and NaCit is deposited on top.
A laser (λexc = 405 nm) focused on the substrate activates the deposition of silver.

Substrates fabricated using the photochemical approach were characterized with wide-field
microscopy and scanning electron microscopy (SEM). In Figure 7, we show a wide-field microscopy
transmission image, where silver stripes grouped in four areas are visible. The stripes within each area
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were obtained with varied exposure time per step during the fabrication. The exposure time for the
first stripe was 50 ms per step of the piezoelectric stage (s = 200 nm), increasing by 50 ms for each
subsequent stripe.

 
Figure 7. Photochemically synthesized silver islands observed with (a) a wide-field optical microscope
in transmission mode, and (b–d) a scanning electron microscope.

On the other hand, the areas were obtained with a different delay time following the movement
of the stage. This parameter, defined as delay time, was equal to 10 ms for the first area, 50 ms for
the second, and 100 and 150 ms for the remaining two areas. The optical and SEM images (taken
using a FEI Nova NanoSEM 450 scanning electron microscope) reveal the influence of both parameters
on the morphology of the stripes: for the shortest time and the lowest excitation power of the laser,
we found no formation of a distinguished metallic stripe. In contrast, for all other parameter pairings,
a clear line emerged, which we associated with photochemical deposition of silver nanostructures.
In order to gain insight into the morphology of the stripes, the same sample was analyzed using SEM,
as shown in Figure 7b–d. The stripes, regardless of the particular combination of photodeposition
parameters, feature an island-like morphology. With the exception of some defects, the islands are
rather uniform, with diameters of a few tens of nanometers. We also observe that our approach yields
a relatively well controlled distribution of silver within the stripe, as the achieved width of the stripes
was of about 1 μm, and the interface between silver islands and the bare glass substrate is also rather
sharp. An increase of the exposure time had little influence on the size of silver islands; however,
it resulted in an increase of their surface density. Such dimensions, together with the sharp border,
make these silver stripes highly promising in the context of applying them for studying plasmonically
enhanced photoluminescence.

4. Conclusions

In this work, we demonstrate that silver islands deposited photochemically on glass substrates
exhibit a strong plasmonic activity for both Stokes and anti-Stokes emitters. From the fabrication point
of view, using this approach, we can precisely define positions of silver stripes, which are characterized
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with widths of about 1 micrometer. Importantly, in the case of photoactive proteins and rare-earth
doped nanocrystals we find a strong increase of the emission intensity. This effect is attributed to
enhanced absorption and emission rates (Purcell effect) of these emitters, as a result of the interaction
with silver stripes. By correlating the laser illumination with the position of the piezoelectric stage,
a pattern of any arbitrary shape can be obtained from the photochemically deposited silver islands.
The strong plasmonic activity, together with the ability to control positioning, renders these unique
structures potentially applicable for optoelectronic, photovoltaic, and sensory devices.

Author Contributions: Formal analysis, D.P.; Funding acquisition, S.M. and D.P.; Investigation, M.S., K.S.,
M.J.-N., K.W., and D.P.; Project administration, D.P.; Supervision, S.M.; Writing—original draft, S.M. and D.P.;
Writing—review and editing, J.N.-J., M.J.-N. and S.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was partially financed by the National Science Centre (Poland) within the grants
2016/21/B/ST3/02276, 2017/27/B/ST3/02457, 2016/22/E/ST5/00531, and 2017/26/E/ST3/00209, project 3/DOT/2016
funded by the City of Gdynia, and project nr POWR.03.05.00-00-Z302/17 “Universitas Copernicana Thoruniensis
In Futuro” (2018-2022).

Acknowledgments: We thank Marcin Nyk for providing the nanocrystals. Inspiring discussions with Anatoliy
Pinchuk are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bharadwaj, P.; Anger, P.; Novotny, L. Nanoplasmonic enhancement of single-molecule fluorescence.
Nanotechnology 2007, 18, 044017. [CrossRef]

2. Mauser, N.; Piatkowski, D.; Mancabelli, T.; Nyk, M.; Mackowski, S.; Hartschuh, A. Tip Enhancement of
Upconversion Photoluminescence from Rare Earth Ion Doped Nanocrystals. ACS Nano 2015, 9, 3617–3626.
[CrossRef] [PubMed]

3. Bharadwaj, P.; Novotny, L. Spectral dependence of single molecule fluorescence enhancement. Opt. Express
2007, 15, 14266. [CrossRef] [PubMed]

4. Wiley, B.J.; Im, S.H.; Li, Z.-Y.; McLellan, J.; Siekkinen, A.; Xia, Y. Maneuvering the Surface Plasmon Resonance
of Silver Nanostructures through Shape-Controlled Synthesis. J. Phys. Chem. B 2006, 110, 15666–15675.
[CrossRef] [PubMed]

5. Eustis, S.; El-Sayed, M.A. Why gold nanoparticles are more precious than pretty gold: Noble metal surface
plasmon resonance and its enhancement of the radiative and nonradiative properties of nanocrystals of
different shapes. Chem. Soc. Rev. 2006, 35, 209–217. [CrossRef]

6. Giannini, V.; Fernández-Domínguez, A.I.; Heck, S.C.; Maier, S.A. Plasmonic Nanoantennas: Fundamentals
and Their Use in Controlling the Radiative Properties of Nanoemitters. Chem. Rev. 2011, 111, 3888–3912.
[CrossRef]

7. Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: Amsterdam, The Netherland, 2006;
ISBN 978-0-387-31278-1.

8. Aslan, K.; Leonenko, Z.; Lakowicz, J.R.; Geddes, C.D. Annealed silver-island films for applications in
metal-enhanced fluorescence: Interpretation in terms of radiating plasmons. J. Fluoresc. 2005, 15, 643–654.
[CrossRef]

9. Ciszak, K.K.; Olejnik, M.; Strzelecki, J.; Krajnik, B.; Piątkowski, D.; Hofmann, E.; Mackowski, S. Influence
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Abstract: The effects of combining naturally evolved photosynthetic pigment–protein complexes with
inorganic functional materials, especially plasmonically active metallic nanostructures, have been a
widely studied topic in the last few decades. Besides other applications, it seems to be reasonable using
such hybrid systems for designing future biomimetic solar cells. In this paper, we describe selected
results that point out to various aspects of the interactions between photosynthetic complexes and
plasmonic excitations in Silver Island Films (SIFs). In addition to simple light-harvesting complexes,
like peridinin-chlorophyll-protein (PCP) or the Fenna–Matthews–Olson (FMO) complex, we also
discuss the properties of large, photosynthetic reaction centers (RCs) and Photosystem I (PSI)—both
prokaryotic PSI core complexes and eukaryotic PSI supercomplexes with attached antenna clusters
(PSI-LHCI)—deposited on SIF substrates.
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1. Introduction

Among the grand challenges for science in the 21st century, environmental pollution together
with a possible energy crisis and the necessity for developing new renewable energy sources stand
out as the most critical [1,2]. All of them are, in fact, branches of the same tree, since a considerable
part of pollution and degradation of the environment originates from the combustion of fossil fuels.
In this regard, developing sources of clean energy seems to be the prerequisite to address and fix
(at least partially) these important issues [2–4]. Most renewable energy sources are powered by the
sun—directly or indirectly; its radiation energy induces fluctuations of air pressure, which result in
winds, as well as water circulation in natural environment [5–7]. Both of these natural sources have
been used for electric power generation. However, in the case of approaches based on secondary effects
of solar activity, significant energy losses are unavoidable, since at each step of the energy conversion
chain, a fraction is dissipated as heat. Thus, in order to use the solar energy more efficiently, the
direct conversion of solar energy seems to be the approach of choice [3,4,8–10]. Currently available
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solar cells, based on the photoelectric effect in crystalline materials (mainly silicon), reach conversion
efficiencies up to 26%. The values are limited, for instance, by low efficiency of absorption in the
infrared region of the solar spectrum [10–14]. Possible ways of improvement can be inspired by
nature—naturally evolved pigment–protein complexes forming the energy conversion apparatus in
photosynthetic organisms are able to carry out charge separation. Moreover, they achieve remarkably
high ratios of separated charges per captured photon, which can be close to unity [15,16]. This high
efficiency originates from the optimization of nanoscale cofactor arrangements over billions of years
of evolution. Furthermore, analogously to the processes taking place in photosynthesis-performing
organisms, which use captured solar energy for biosynthesis of carbohydrates, biomimetic solar cells
should be able to generate not only photovoltage, but simple organic fuels as well [4,8].

One of the key issues related to developing solar energy conversion devices concerns the improvement
of the absorption rate [9,17], conversion efficiency [18], stability of the working modules [19] and selectivity
of the catalytic reactions in the case of solar-to-chemical devices. With respect to increasing and/or
tuning the absorption of natural and artificial photosynthetic molecular systems, encouraging results
have been achieved using metallic nanostructures [9,20–23]. These nanostructures exhibit a unique
property associated with collective oscillations of electrons induced by electromagnetic waves: so-called
plasmons [9,17]. It has been shown in numerous reports that plasmons excited in metallic nanostructures
can affect the optical properties of emitters placed in their vicinity (at distances of up to tens of nm).
This interaction, however, is generally rather complex, with the net result ranging from strongly enhanced
fluorescence (due to increase of local electric field intensity or the Purcell effect) to fluorescence quenching
and energy dissipation [9,17,24]. Indeed, plasmonic effects depend on several parameters, such as the
relation between the optical spectra of metallic nanostructures and emitters, as well as their geometrical
arrangement, particularly the distance between the components [9,21,24,25]. Therefore, by changing sizes
or shapes of metallic nanoparticles, it is possible to tune the position of the plasmon resonance to match
the optical spectra of emitters [9,21,26]. Additionally, the geometry of the hybrid photosynthetic structure
can be tested and optimized for achieving the required functionality [27–31]. Within the infinite variety of
metallic nanostructures, in the context of photosynthetic hybrid devices, Silver Island Film (SIF) [25] seems
to be close to the optimal choice. First of all, SIFs can be deposited in a rather straightforward way on large
substrates, overcoming the necessity of using expensive techniques, such as electron beam lithography or
evaporation approaches. In addition, SIF structures feature very broad absorption spectra associated with
the plasmon resonance in islands of varied size. In this way, plasmon resonances can affect the optical
properties of natural and artificial photosynthetic complexes within an exceptionally broad spectral range.

In this review, we present the results of comprehensive studies carried out for a variety of
photosynthetic complexes either solely responsible for the absorption of the solar energy, or those
which participate in photochemistry (charge separation and electron transfer) upon coupling to SIF
structures. A schematic representation of a hybrid photosynthetic nanostructure and the effect of plasmonic
interactions between SIFs and photosynthetic complexes are presented in Figure 1. For clarity’s sake,
the selected hybrid systems are described in order of increasing complexity and the number of chlorophyll
a (Chl a) molecules. Finally, to show the influence of SIF chemistry and morphology, hybrid structures
containing Photosystem I (PSI)—the photosynthetic supercomplex with the largest number of Chl a
molecules—and SIF substrates fabricated with different approaches are presented.
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Figure 1. Schematic concept of a hybrid photosynthetic nanostructure and the effect of plasmonic
interactions between Silver Island Film (SIF) and photosynthetic proteins.

1.1. Photosynthetic Complexes

The light-harvesting peridinin-chlorophyll-protein (PCP) from the dinoflagellate Amphidinium
carterae [20] in its native form is a trimer, where each of the monomers comprises eight peridinin molecules
and two Chls a embedded in a protein scaffold [20,32–34]. As shown in Figure 2b, the absorption spectrum
of PCP (black) features a band in the range from ~400 to 550 nm due to peridinins, while Chl a molecules
absorb light in the Soret band (with a maximum around 440 nm) and in the Qy region from 600 to 670 nm.
The fluorescence spectrum of PCP (red) has a maximum at the wavelength of 673 nm, which corresponds
to the emission of Chl a. The small size of PCP, together with its rather simple structure, renders this
complex a very good model system for studying the interactions in plasmonic (bio)hybrid nanostructures.

The reaction center (RC) from Chlorobaculum (C.) tepidum is an example of a much larger complex, as
compared to PCP, although its detailed structure is not known at present. It contains bacteriochlorophyll
a (BChl a), Chls a, and carotenoid molecules [35–40]. The contribution of each type of pigment is
visible in the absorption spectrum (Figure 2d). This RC can be associated with one or several
Fenna–Matthews–Olson (FMO) protein complexes [39,41], whose absorption spectrum is shown in
Figure 2c. The structure of the FMO complex is known, FMO forms trimers, each monomer contains
seven (or eight) BChl a molecules, very strongly coupled to each other [23,42–46]. Fingerprints of FMO
absorption can be recognized in the RC absorption spectrum (cf. Figure 2c,d). FMO acts not only as
light-harvesting complex, but also takes part in transferring energy from the outer antenna complexes
(chlorosomes) to the RCs [43,44].

The analogue to the RC from C. tepidum in higher plants, algae, and cyanobacteriais a very
large pigment–protein complex, Photosystem I (PSI). PSI is the key component of the oxygenic
photosynthetic apparatus [15], since it converts photon energy to separated charges, which are used for
the biosynthesis of organic molecules, like sugars [4,8,16]. While there are differences in the structures
of antenna systems of PSI in different organisms, photosystem cores, adapted and optimized during
evolution, are largely conserved [15]. In this work we use eukaryotic PSI complex with its peripheral
light-harvesting antenna (PSI-LHCI supercomplex) from a red microalga Cyanidioschyzon merolae.
Medium resolution structures of this supercomplex have been recently reported [47–49]. The red algal
PSI-LHCI supercomplex is a monomer binding up to 210 Chl a molecules and up to 54 carotenoids [47].
Absorption and emission spectra of this protein are presented in Figure 2e. In addition, we studied the
PSI complex from Thermosynechococcus (T.) elongatus, also with a known crystal structure [50–52]. Each
of the monomers forming the PSI trimer binds 96 Chl a, and 22 carotenoids [50–52]. Absorption and
emission spectra of PSI are shown in Figure 2f.

The experimental studies described in this work concern large ensemble of photosynthetic
complexes, giving the results a strong generality component, in particular regarding the influence
of plasmon excitations on energy transfer pathways and activation of natively blind pigments in
multichromophoric PSI.
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Figure 2. Optical characterization of the SIF substrates (a) and the pigment–protein complexes:
peridinin-chlorophyll-protein (PCP) (b), Fenna–Matthews–Olson (FMO) (c), reaction centers (RC) (d),
Photosystem I with attached antenna clusters (PSI-LHCI) supercomplex (e), and Photosystem I (PSI)
complex (f). Absorption spectra are marked in black; emission spectra are shown in red. Excitation
wavelengths are also given in each case.

1.2. Silver Island Films

SIF structure typically consists of irregular silver islands, around 50–200 nm in size, deposited
randomly on a substrate [53]. There are several methods of SIF preparation with an approach based on
wet chemistry being the most feasible for potential applications. Synthesis of SIFs is in general rather
fast, requires no sophisticated experimental setups, and it is also relatively inexpensive—small amounts
of ingredients are needed to prepare solutions necessary for depositing SIFs over large substrates. Since
SIF is a planar structure, it can be easily adapted into a solar energy-converting device, which often is
designed in a form of flat panels, where all components are arranged in a layer-by-layer geometry.
Furthermore, by varying the parameters of the chemical reactions, one can control the properties of
the SIFs, especially the density of silver islands on the substrate can be tuned. Thus, the transparency
of the electrode may be regulated. All these features are advantageous for designing solar energy
converting devices. Preparation of SIFs using wet chemistry is, however, characterized by relatively
low reproducibility. It is challenging to produce structures with identical morphology of the islands
(sizes, density, etc.), which translates into differences in the optical properties. Some of these factors
are averaged out since the sizes of silver islands and proteins are less than 100 nm, and the interactions
related to plasmonic coupling occur oneven smaller length scales.

For most of the results presented in this survey, a wet-chemistry SIF preparation was used, in which
glucose was added at the last stage [25]. This straightforward and low-cost method allows us to prepare
SIF substrates with varying density of silver islands, which can be tuned by reaction parameters, such
as temperature or time. Scanning electron microscopy (SEM) pictures of the obtained SIF substrates are
presented in Figure 3a. Although plasmonic SIF substrates fabricated using this approach have been
widely applied in metal-enhanced fluorescence studies [22,23,41,53], some of the glucose used in the
synthesis tends to adhere to the SIF surface forming a layer. This may be sufficiently thin to allow for
efficient plasmonic interactions; however, it may still form a barrier for chemical functionalization of the
surface and controlled immobilization of emitters. This layer may be removed by heating, but such a
treatment can also influence the SIF morphology. The preparation of SIFs is also possible by reduction of
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silver nitrate by formaldehyde (Figure 3b) in basic solution. The preparation time is significantly longer
(two hours in dark vs. several minutes) and the substrates exhibit lower densities of silver islands and
somewhat reduced homogeneity as compared to SIF (glucose). On the other hand, since formaldehyde
evaporates at room temperature, it is possible to prepare contamination-free SIF substrates, thus
opening ways for their functionalization. Preparation of SIF (using cetyltrimethylammonium bromide,
CTAB) is more complex (Figure 3c) [54]. In this method, a two-step procedure is applied: first, carefully
cleaned substrates were immersed in a pre-prepared aqueous solution of ~4-nm-sized Ag colloids
and incubated for two hours [54,55]. Afterwards, the substrates were transferred from the seed
solution to a growth solution containing CTAB, in which during overnight incubation silver islands
can develop [54,55]. However, this method also leaves some contamination by CTAB.

Figure 3. Scanning electron microscopy images of SIF substrates prepared with wet-chemistry methods,
using glucose (a), formaldehyde (b) and cetyltrimethylammonium bromide (CTAB) (c). The scale bar is
500 nm.

One of the most important parameters of SIF substrates from the point of view of using them as
plasmonically active building blocks for hybrid nanostructures is the spectral position and shape of the
plasmon resonance. Typical extinction spectra of the used substrates are shown in Figure 2a. In the case
of SIF (glucose) and SIF (formaldehyde), blue and green lines are used, respectively. The maximum of
the resonance peak is at ~ 430 nm, while for SIF (CTAB) it is blue-shifted to 400 nm. Nevertheless,
in every case the resonance peak is very broad, covering not only the visible range, but also a substantial
wing reaching the near IR. This is promising, since solar cells employing plasmonic effects should be
optimized for higher efficiency under typical solar radiation, which has the highest intensity in the
visible range [10,46]. Lastly, these broad optical spectra of SIF substrates overlap rather well with the
absorption spectra of many photosynthetic complexes.

In the following, we present selected results of using SIFs for engineering the optical properties of
photosynthetic complexes, both simple antenna complexes, as well as large, complex photosystems.
The basic effect, common for such hybrid structures, is a strong enhancement of the fluorescence
intensity of the respective fluorophores. The determined enhancement factors (EFs) of fluorescence
reach values as high as 300.

2. Methods

Absorption spectra of the SIF structures and photosynthetic complexes in solution were obtained
using a Cary 50 spectrophotometer, while fluorescence spectra were recorded using a Fluorolog-3
spectrofluorometer (JobinYvon). Spectrally and time-resolved fluorescence measurements with high
spatial resolution were performed using a home-built confocal fluorescence microscope, as described
previously [22,23,41]. In a typical experiment, after acquiring a fluorescence map, a few tens of emission
spectra were measured in order to gain statistically relevant information. Particularities regarding the
experimental approach and analysis of the results are specified in each section devoted to the actual
photosynthetic complex studied.
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3. The Effect of SIF on the Optical Properties of Photosynthetic Complexes

3.1. Simple Photosynthetic Antenna Complexes

The concept of introducing SIF structures as substrates for enhancing the optical properties of
organic dyes was postulated and experimentally demonstrated by the group of J. Lakowicz [17,25,53,56].
In these studies, a comparatively simple description of the interactions in such a system was presented,
together with an extensive discussion of possible applications of the plasmonic excitations for
controlling the radiative properties of fluorophores. In 2007 the group of J. Lakowicz reported a
9-fold increase in fluorescence emission intensity and up to a 7-fold decrease in emission lifetime for
phycobiliproteins deposited on SIFs [57]. In the next year, a study followed, in which the results of
ensemble and single-molecule spectroscopy of peridinin−chlorophyll−protein (PCP) deposited on SIF
were described [20]. The key result of this study was the observation of strongly enhanced emission
and absorption of these complexes through plasmonic interactions with SIF. It was shown that the
measured values of the EFs depend on the excitation wavelength, which, in the case of even this rather
simple photosynthetic complex, is indicative of exciting different molecules bound to the complex.
As shown in Figure 4, in the case of peridinin excitation, at 532 nm, an average EF of 6 is achieved.
In contrast, direct excitation into the absorption band of Chls results in somewhat stronger increase of
fluorescence intensity, which amounts to 8.5 (Figure 4b). This may be a counterintuitive observation,
as the values of EFs are lower in the case of excitation closer to the maximum of the plasmon resonance
in the SIF layer. However, it seems to be due to the multichromophoric character of such photosynthetic
complexes. When Chls are excited directly, the only interaction that plays a role in determining the
actual EF values is the interaction between these molecules and the plasmon excitations. On the
other hand, excitation at 532 nm populates excited states of peridinin, which upon absorption of
light can transfer excitation energy to Chl molecules [58]. In other words, plasmon excitations in the
SIF layer may influence excitation of peridinin molecules, emission of Chl molecules as well as the
dynamics of the excitation energy transfer between them. Hence, importantly, for multichromophoric
and interacting systems such as photosynthetic complexes, the description of the influence of plasmon
excitation on their optical properties is more complex. This is not only a direct consequence of the
relation between the spectral properties of the metallic nanostructure and the complexes, but also of
inter-pigment interactions. One critical consequence of this observation concerns the requirement for
using spectrally selective spectroscopy to study and understand the effects of plasmonic enhancement
in photosynthetic hybrid nanostructures, as even in such a simple complex as PCP the inter-pigment
interactions can be clearly demonstrated.

Figure 4. (a) Average fluorescence emission spectra measured for PCP ensembles on bare glass (green)
and SIF-coated coverslips (red) excited at 532 nm. Black points correspond to the spectrum measured
for PCP on glass multiplied by a factor of six. (b) Average fluorescence emission spectra measured
for PCP ensembles on bare glass (green) and SIF-coated coverslips (red) excited at 632 nm. Black
points correspond to the spectrum measured for PCP on glass multiplied by a factor of 8.5. “Reprinted
(adapted) with permission from [20]. Copyright (2020) American Chemical Society.”
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Another observation that is typical for hybrid nanostructures based on SIFs (or other metallic
nanoparticles) is a much broader distribution of fluorescence intensities collected at different spots on
the sample. First of all, in the case of a layer of emitters deposited on glass, the distribution of emission
intensities is usually rather narrow, indicating homogeneity of the layer. Introducing plasmonic
interactions broadens the distribution [59]. On the other hand, the strength of plasmonic interactions
depends strongly on the distance between emitters and metallic nanostructures. This will induce
additional dispersion of fluorescence intensity. Namely, the complexes placed at the optimal distance
to the SIF layer the intensity can be enhanced even by a few orders of magnitude, while those located
very close to the metallic surface show decreased emission intensity (quenching). Indeed, the emission
measured for the latter is less not only in comparison with those in the optimal distance, but also with
the average intensity measured for the reference structure [58]. Another important contribution to
broadening of fluorescence intensities may come from the sizes of the pigment–protein complexes
themselves, which can be large enough to experience variations of plasmon-induced influence on the
optical properties of pigments even within a single complex. This is not the case for PCP, which is
approximately 4 nm in size, and it can be assumed that all of the pigments within the complex interact
with the plasmons in SIF with comparable strength. However, large photosystems, which bind tens or
even hundreds pigments, feature dimensions exceeding 10 nm [60], which is sufficient to observe effects
associated with differences in plasmonic interactions within these complexes [16,22,30,31,41,61–66].

The influence of plasmonic excitations on the distribution of measured fluorescence intensities can
be visualized using the results obtained for the light-harvesting FMO complex: In this work, layers with
two different concentrations of the FMO protein were deposited on SIF [23]. The FMO concentrations
were corresponding to optical densities of 0.25 and 0.05 for the c1 and c2, respectively. For both
concentrations the emission intensity was considerably enhanced for the SIF-containing samples,
as shown in Figure 5. Comparison of the average emission spectrum (Figure 5a) and histograms of
emission intensities extracted from 50 spectra of FMO, both on glass (black) and SIF (blue and red)
substrates, respectively, yields average enhancement factors of 40. At the same time, maximum values
of a 60-fold increase of total emission intensity were observed, apparently for optimal distances and
orientations of FMO with respect to the silver islands.

Figure 5. (a) Comparison between the emission spectra of FMO on glass (black line for concentration
c1) and on SIF (red line and blue line for concentration c1 and c2 respectively) excited at 405 nm;
(b) corresponding histograms of the maximum emission intensities of FMO on glass (black bars) and
on SIF (blue and red bars).

These are remarkably high values for relatively simple, non-specifically oriented light-harvesting
complexes. Indeed, the EFs observed for FMO deposited on SIFs are approximately one order of
magnitude higher than for PCP. Similarly, as in the case of PCP, the spectrum of the FMO complex
deposited on a SIF layer is essentially unaffected by the presence of the metallic nanostructure. This
indicates that the protein is intact and intra-protein energy transfer pathways are efficient. Combining
steady-state fluorescence spectroscopy with time-resolved experiments, in which fluorescence dynamics
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are probed, provides information about the dominant mechanism responsible for the enhancement
of fluorescence intensity. These experiments were carried out in the same way as collecting of
fluorescence spectra: many fluorescence decay curves were measured for FMO deposited on SIFs
and glass substrates. As can be seen in Figure 6, the shapes of typical fluorescence decay curves of
FMO deposited on both glass (black) and SIFs (red) are, essentially, similar. This observation is further
corroborated by analyzing the decay curves using bi-exponential fitting. Histograms of the extracted
decay constants are compared in Figure 6b. As no measurable effect of plasmonic excitations on the
fluorescence dynamics is observed, it can be concluded that in the case of FMO complexes deposited
on SIFs, the primary mechanism of fluorescence enhancement is associated with an increase of FMO
absorption upon coupling with plasmon excitations in the SIF layer.

Figure 6. Results of time-resolved experiments for the c1 concentration of FMO: (a) fluorescence decay
curves of FMO on glass (black) and on SIF (red) and (b) histograms of fluorescence lifetimes of FMO
deposited on glass (black bars) and on SIF (red bars).

The contribution of the FMO complexes to the optical response of FMO-containing RCs is clearly
visible in the experiment, in which RCs from C. tepidum were deposited on a SIF layer [41]. As already
pointed out, in order to detect the influence of plasmonic excitations on the components of the
photosynthetic complexes, it is necessary to measure the optical response as a function of the excitation
wavelength. In particular, in these experiments, several excitation wavelengths across the absorption
spectrum of the RCs (tuned into different cofactors) were used. These included: 405 nm (tuned into
Chl a and BChl a), 485 nm (tuned to carotenoids), 589 nm (tuned to Bchl a within FMO) and 640 nm
(tuned to Chl a). The fluorescence intensity of RC emission was enhanced upon depositing the complex
on a SIF layer, however, a remarkable variation of the shapes of the emission spectra was found as
a function of the excitation wavelength. Therefore, in this case, the EFs were calculated for narrow,
20-nm-wide intervals across the spectrum. After this, averaged enhancement factors were calculated
for each slice of emission and excitation wavelength combination. Figure 7a summarizes the results of
the analysis in the form of a 3D graph, where average EFs as a function of the excitation wavelength are
displayed for emission stripes. The lowest EF values were found for excitation at 405 nm (8). However,
for other excitation wavelengths, EFs reached considerably higher values, often being in the range of
several tens. The actual EF value might be related to the excitation wavelength and corresponding
shape of the plasmon resonance of the SIF. Indeed, the shape of the extinction spectrum can be assigned
to the efficiency of inducing plasmon excitations in the metallic nanostructure, and to the strength of
the interaction [67]. At the same time, changes in the emission spectra as a function of the excitation
wavelength point towards spectrally selective coupling with respect to the pigments in the RC complex
that are excited.

An interesting effect is observed when distributions of EFs measured for different excitation
wavelengths are compared. In a standard system of a simple complex, such as PCP, we can expect a
Gaussian distribution of the measured fluorescence intensities and a resulting Gaussian distribution of
the EFs. Moreover, as already discussed, such a distribution is expected to be considerably broader
than the analogous distribution for a reference (where complexes are deposited on a glass substrate).
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Indeed, for most of the excitation wavelengths used in this experiment, we observe close to normal
distributions of fluorescence intensities and EFs. Upon exiting individual cofactors within the RCs (Chl
a, BChl a or Car), in spite of the observed distribution of fluorescence intensities, the patterns remain
unchanged: a strong increase of fluorescence intensity is measured due to interaction with plasmonic
excitations and the corresponding distribution of EFs can be approximated with a single Gaussian [41].

Figure 7. (a) Three-dimensional graph of enhancement factors (EFs) of emission intensities of
Chlorobaculum tepidum RCs in function of excitation and emission wavelength; (b) histogram of EFs of
RCs deposited on SIF (black bars) calculated for excitation at 589 nm and emission at 820 nm. Bimodal
normal functions, fitted to the calculated EFs are shown (red lines) in the figure.

A qualitatively different behavior is observed for C. tepidum RCs deposited on SIFs upon excitation
at 589 nm. For this excitation, the distribution of EFs exhibits a bimodal character, as can be seen in
Figure 7b, where two maxima can be distinguished with values of around 40 and 70. Despite the fact
that the detailed structure of the RC is not known yet, it is possible to understand the origin of such
a bimodal EF distribution. The band at 589 nm corresponds almost exclusively to FMO absorption.
Moreover, the observed EFs are comparable to those measured for FMO-only structures deposited on
SIF. Therefore, the bimodal distribution of the measured fluorescence intensities (and the corresponding
EFs) can be attributed to variations in the efficiency of plasmonic interactions with the RCs and FMO
complexes attached to the RCs. Namely, one of the peaks can be related to direct interaction between
RCs and plasmons in SIF (70-fold enhancement), while the other (40-fold enhancement) originates
from the interaction between plasmons and FMO complexes.

3.2. SIF Substrates Obtained with Different Methods of Wet-Chemistry

The interaction between emitters and metallic nanostructures strongly depends on the distance
between them. Moreover, shapes and sizes of metallic nanoparticles, as well as their density (in
other words, the coverage of silver islands on the substrate), also have an impact on the measured
behavior. In order to elucidate these effects, three SIF substrates were fabricated, using different
methods of wet-chemistry. After this, the SIF substrates were covered with photosynthetic complexes:
PSI-LHCI from C. merolae and PSI from T. elongatus. All SIF substrates used in these studies were
semi-transparent, characterized by comparatively low density of silver islands. Such SIF structures
allow for observation of plasmonic effects, due to relatively high transparency. Moreover, they can be
considered for various applications, like sensor platforms or substrates for biohybrid solar cells. On the
other hand, high transparency of SIF substrates may result in weaker interactions with fluorophores:
In contrast to dense, non-transparent SIF substrates, one has to take into account the actual spatial
arrangement of the sample, the sizes of silver islands and complexes as well as their relative distances.
The size of the silver islands is around 50–200 nm [22,53], while photosystems, despite being relatively
large supercomplexes, are roughly one order of magnitude smaller. Thus, when silver islands are
deposited sparsely on the surface, many complexes deposited between them are at distances exceeding
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the typical range of plasmonic interactions (Figure 8). Therefore, in such samples it is necessary to
consider not only the vertical dimension (i.e., the thickness of the protein layer(s) and how far PSI is
placed from the SIF metallic surface), but also the horizontal dimension (which is the relative density of
silver islands compared to their sizes and the sizes of the complexes). As a result, although there can be
some PSI complexes placed at optimal distances to silver islands, thus exhibiting strong enhancement
of emission, the overall fluorescence may remain unchanged reduced due to a much larger number
of PSI complexes unaffected by plasmonic excitations in the SIF layer. Both vertical and horizontal
spatial arrangements might cause differences in the observed macroscopic results, when averaged
over the observed sample area resulting in different fluorescence intensities or changes in fluorescence
dynamics [17,25,56].

Figure 8. Schematic concept of the difference between semi-transparent (a) and dense (b) SIF layers in
biohybrid nanostructure. The concentration of photosynthetic complexes is the same for both samples.

Fluorescence intensity enhancements of PSI-LHCI were compared for SIF substrates fabricated
with all three preparation methods, namely SIF (glucose), SIF (formaldehyde) and SIF (CTAB). Two
excitation wavelengths, 405 nm and 570 nm, were used in this experiment, tuned to the spectral regions
corresponding to Chl a and carotenoid absorption bands, respectively. Moreover, at 405 nm PSI-LHCI
absorption is high, while it is low at 570 nm. Furthermore, these two excitation wavelengths have
different intensities in the plasmon resonance spectrum. Average fluorescence spectra obtained with
405 nm excitation for PSI-LHCI on glass (black), SIF (glucose) (red), SIF (formaldehyde) (blue) and SIF
(CTAB) (green) are presented in Figure 9a, with the corresponding histograms of emission intensities
shown in Figure 9b. The determined averaged EFs are relatively low: five, five and one, respectively.
In the case of the excitation at 570 nm, the following EFs were achieved: seven, one and 0.2, respectively.

Analogous experiments to those described above for the PSI- LHC supercomplex were carried
out for PSI from T. elongatus. Although the trimeric PSI binds more Chl a molecules than the red
algal PSI-LHCI supercomplex, its interaction with plasmonic SIF substrates seems to result in similar
EF values. In this experiment, the same excitation wavelengths of 405 nm and 570 nm were used.
These also correspond to (high) Chl a absorption and absorption of carotenoids. The averaged values
of EFs extracted for the excitation wavelength of 405 nm are five, three and one for SIF (glucose),
SIF (formaldehyde) and SIF (CTAB), respectively. On the other hand, excitation at 570 nm yields EF
values of eight, 12 and 0.8 for SIF (glucose), SIF (formaldehyde) and SIF (CTAB), respectively.

It is clearly visible that the results depended strongly on the substrate type used for assembly
of the hybrid nanostructure. In particular, for SIF (CTAB), the measured values exhibit essentially
no enhancement of PSI fluorescence intensity when compared to the glass substrate (when excited
at 405 nm) or even a reduction of fluorescence signal (for excitation at 570 nm). This may be caused,
as mentioned before, by residual layers of contaminants and variations in the density of silver islands
deposition, for example. It might also be connected to, for example, different hydrophobic properties
of the SIFs, which can affect deposition of spin-casted PSI over the metallic nanostructure.
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Figure 9. Emission spectra (a) and histograms of emission intensities (b) of Cyanidioschyzon merolae
PSI-LHCI supercomplex: on glass (black), SIF (glucose) (red), SIF (formaldehyde) (blue), and SIF
(CTAB) (green), the excitation wavelength is 405 nm.

3.3. Maximum Enhancement Factors

The final sequence of experiments focused on studying the interactions between photosynthetic
complexes and plasmonic excitations in SIF substrates concerns PSI from T. elongatus (with the highest
number of Chl a molecules) deposited on an opaque, very dense SIF (glucose) [22]. In such a structure,
stronger enhancements might be expected.

A three-dimensional graph of experimentally determined EFs as a function of the excitation
wavelength is displayed in Figure 10. The EFs were determined for 20-nm wide spectral bands across
the emission spectrum, since a clear dependence of the emission spectrum on the excitation wavelength
was observed. Similarly to the case of the RCs, the EFs strongly depend on the excitation wavelength,
with measured EFs of around 200 (for excitation at 640 nm, i.e., when excited directly into Chl a
Qy transition). Furthermore, maximum enhancements in the order of ~400, are detected when PSI
complexes were excited at 580 nm, a region characterized by very low absorption. At the same time,
fluorescence decays indicate no substantial change in the fluorescence dynamics of plasmon-coupled
PSI as compared to the reference. There are at least two origins of such large enhancements of the
optical response of multichromophoric systems deposited on a SIF layer: First of all, the SIF substrate
used for this experiment was very dense, which implies that the large majority of the PSI complexes are
located in the proximity of the islands, enabling efficient coupling. Such an increase of the fraction of
interacting PSI complexes should readily result in increase of the global fluorescence intensity, which is
the average over the size of the laser spot at the sample surface.

Besides the geometrical structure of sample, there is also the possibility of plasmon-induced
activation of (additional) intramolecular excitation energy transfer pathways for PSI complexes that
are sufficient to close to the SIF layer. In other words, such large values of EFs may suggest that
PSI functionality might also be influenced by plasmon coupling. In such a large multichromophoric
assembly like the PSI trimer binding 300 Chls a, new energy transfer pathways can be activated
in an amplified electromagnetic field provided by plasmons in the SIF layer. While an increase of
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fluorescence intensity is not the actual aim (but rather increased electron transfer), it gives an insight
into the processes associated with coupling these complex systems with plasmonic excitations in SIF.
An improvement of the absorption rate, combined with the activation of absorption in normally “blind”
regions, as well as the improvement of intrinsic excitation energy transfer pathways, empower the
prospect of incorporating SIF into PSI-based energy converting devices.

Figure 10. Three-dimensional representation of EFs of emission intensities of Thermosynechococcus
elongatus PSI complex as a function of excitation and emission wavelengths.

4. Conclusions and Future Prospects

Table 1 summarizes EFs measured for all photosynthetic complexes considered in this study. It is
conspicuous that the achieved results are characterized by a very broad distribution of EF values,
which range from nearly no or weak interactions, to very large increases fluorescence intensity due to
plasmonic effects.

Table 1. Summarized EFs for all considered complexes.

Complex SIF λexc [nm] EF

PCP [20] (glucose)
semi-transparent 532 (632) 6 (8.5)

FMO [23] (glucose)
dense 405 40

RC [41] (glucose)
dense 405–640 up to 60

PSI-LHCI

(glucose)
semi-transparent

405 (570)

5 (7)

(formaldehyde)
semi-transparent 5 (1)

(CTAB)
semi-transparent 1 (0.2)

PSI

(glucose)
semi-transparent

405 (570)

5 (8)

SIF (formaldehyde)
semi-transparent 3 (12)

(CTAB)
semi-transparent 1 (0.8)

PSI [22] (glucose)
dense 450–640 up to 400
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The presented results show the dominant effects observed in the interaction of photosynthetic
complexes with plasmonic excitations and the main features of these hybrid systems, which make them
very interesting as an inspiration for designing organic solar cells. Fluorescence of various complexes
can be considerably enhanced from (relatively) simple light-harvesting complexes to large charge
separation-performing photosystems. Properties of SIF substrates can be tuned depending on the
requirements—selected methods allow for, e.g., control of silver islands deposition density, influencing
SIF-covered electrode transparency. Moreover, as a substrate for SIFs, numerous surfaces can be used:
those especially important for photovoltaic applications would be indium-tin oxide (ITO) or fluorine
doped tin oxide (FTO).

Importantly, the hybrid structures composed of photosynthetic complexes and SIFs can still be
improved in order to optimize the desired plasmonic effects. Besides the density of silver islands
deposition, controlled oriented/unidirectional attachment of the complexes onto the SIFs would be
desired. Indeed, since the distance between the interacting components is crucial for plasmon-based
effects, the key parameter for enhanced functionality is the spatial arrangement of the components.
Achieving a proper distance between the complexes and the silver surface by using specific linkers,
can allow for the obtaining of the maximum possible enhancements (with distances of approximately
10–12 nm [24,68]). Unidirectional deposition would not be so critical for small, simple complexes
binding only a few fluorophores, as in this case homogeneous interaction may be assumed. On the
other hand, for large complexes comprising tens or hundreds of photoactive cofactors, their sizes are
comparable to the distances of optimal plasmonic interactions. Thus, for photosynthetic complexes such
as PSI, subpopulations of chromophores embedded in the protein scaffold can interact with plasmons
in SIF with considerably different strength, resulting in efficient quenching, strong enhancements or no
interaction at all. In this respect, the oriented attachment of photosynthetic complexes may assure
the same distance, leading to uniform interaction with the metallic surface. Additionally, when all
complexes are attached to SIF in a controlled way, no free-standing, non-interacting molecules would
be present, thus limiting any averaging effects.

There are several promising concepts related to using different materials, which can act as
transparent conducting electrodes, like graphene, TiO2 or ITO [63,69–72], and different complexes that
perform light-harvesting, charge separation and charge transfer [4,8,9,16,28,29,73]. At the same time,
plasmonic nanomaterials, like SIFs or nanowires, seem to be excellent structures for improving the
performance of photosynthetic materials, not only in terms of enhancing the optical properties, but
also their charge transfer properties, leading to increased photocurrent generation. Indeed, despite the
increased complexity of the whole biohybrid device, the latter was recently reported [74] for bacterial
RCs immobilized on rough silver surfaces resulting in plasmonic-enhanced photocurrent generation.
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