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Abstract
The green synthesis of nano-silver (NS) has gained increasing attention owing to its cost-effectiveness
and environmental friendliness. Herein, we have described a novel one-step green preparation method of
stable NS aqueous solution using Tollens reagent as the silver ion source, D-fructose as the reduction
agent, and polyvinyl pyrrolidone (PVP) as the stabilizing and capping agent. The optimum preparation
parameters were 40 mL 10 g L−1 PVP, 100 mL 0.116 mol L−1 D-fructose, and 200 mL 0.001 mol L−1

Tollens at a reaction temperature of 25 °C for 2 h. The prepared NS solution had a pH value of 7.10, with
approximately spherical NS particles in the range of 13.95–87.36 nm. The resulting NS solution was
stable under normal temperature, boiling water bath, and acidic environment; however, it did not exhibit
stability under an alkaline environment. The NS solution had a remarkable absorption peak at 410 nm in
its ultraviolet visible spectrum. Moreover, it exerted strong inhibitory effect on the growth of the bacteria
isolated from the vase water of cut carnation ‘Prince’ �owers. These �ndings indicate that the obtained
NS aqueous solution is potentially a practical and effective antibacterial agent for preserving cut
carnations and other cut �owers. 

Introduction
Nano-silver (NS) is a novel material with a high surface-to-volume ratio. Owing to its unique
physicochemical, biological, and antimicrobial properties, it is widely used in textiles, medical equipment,
nonlinear optical devices, wastewater treatment, building materials, preservation of horticultural products,
and other �elds. Currently, it is regarded as one of the most promising materials of the century1–7.

After harvesting cut �owers and foliage, the microbial contamination of the vase solution is the most
common factor that causes stem blockage and shortened vase life. Microorganisms in cut �owers and
foliage vase solution cause physical stem blockage, release toxic metabolites and enzymes, and produce
ethylene8. To address this problem, there have been reported on the effectivity of NS postharvest
treatment in maintaining the freshness of cut �owers, such as snapdragon, carnation, gladiolus, and
gardenia foliage6,7,9−11. Particularly, NS has been used as an antimicrobial agent and ethylene inhibitor in
packaging to extend the vase life of cut �owers and foliage12. It could prevent bacterial growth and
effectively alleviate bacterial blockage in the vase solution and cut �ower stem ends, thereby extending
vase life; thus, NS has good application prospects in the �eld of postharvest storage and transportation
of cut �owers.

To date, NS can be prepared by physical, chemical, and biological reduction approaches. Among these,
chemical approaches are the most commonly used method13–15. Although chemical processes are
convenient, they have a high preparation cost and negative effects to the environment; thus, it is not
preferred in several research and applications16–20. Bioreduction is a novel method in preparing NS using
various reducing substances or products in plants and microorganisms. It has the advantages of cost-
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effectiveness and environmental benignity; therefore, there has been increasing interest in its research
and application19–25.

In recent years, there have been reports on the green preparation of NS using various plant tissue extracts,
plant extract products, and in vitro products of microorganisms. Das et al. reported that NS solution
produced by biosynthesis has signi�cant effect on the postharvest preservation of mulberry leaves26. Xia
et al. reported a biological method in synthesizing NS using the callus extracts from Artemisia annua L.
under sunlight at 25000 lx. This con�rmed that NS pulse can markedly inhibit bacteria growth in the vase
solution during the whole vase period, alleviate bacterial blockage at the stem ends, and eventually
prolong the vase life of cut carnation �owers27. Eze and Nwabor synthesized NS with an average particle
size of 44.78 nm from protein expression of Pichia pastoris spent waste medium, con�rming that NS
strongly inhibits common foodborne pathogenic microbes, such as tyrosinase and pathogenic bacteria,
B. cereus, and E. coli5. Dutta et al. also showed that the green synthesis of NS using Citrus limetta peel
extract has a clear antibio�lm e�cacy against major topical bacterial pathogens28. Philip synthesized NS
sized 4 nm at room temperature using an aqueous solution of AgNO3 and honey at pH 8.529. Ravendran
et al. reported an environmentally friendly method of preparing Au and Ag nanoparticles with glucose as
the reducing agent and starch as the protecting agent30. Peng et al. synthesized NS by microwave
irradiation with bamboo hemicellulose as the stabilizing agent and glucose as the reducing agent in an
aqueous medium31. There are also relevant reports on the application of honey in the synthesis of
NS29,32. Honey is used in the preparation of NS by utilizing the reducibility of fructose and glucose in its
ingredients. Furthermore, Filippo et al. reported the rapid synthesis of NS by treating silver nitrate aqueous
solution with maltose and sucrose as reducing agents33. Researchers have also reported the production
of monodispersed spherical NS using fructose in a continuous �ow reaction-discharge system34.

In this study, we successfully conducted the green synthesis of a stable neutral NS aqueous solution
using D-fructose as the reducing agent and polyvinyl pyrrolidone (PVP) as the capping agent. The
proposed synthesis is a simple, fast, economical, and environmentally benign method that uses
sustainable materials. Additionally, the preparation conditions, parameters, and basic properties of the NS
solution were investigated. The optical properties of the green synthesized NS were analyzed by
ultraviolet visible (UV-Vis) spectrophotometry and their granulometric properties were characterized by
transmission electron microscopy (TEM). Finally, the inhibitory effect of the resulting NS against bacteria
isolated from the vase water of cut carnation �owers was studied to establish a foundation for its further
use in postharvest treatment and preservation of cut �owers.

Results
Green preparation of the NS aqueous solution. The green preparation of NS aqueous solution with D-
fructose was con�rmed by the color changes of the solution after 2 h of incubation. The color of the
solution changes with the reaction time (Fig. 1a‒d) from light yellow (Fig. 1a) to dark yellow (Fig. 1b and
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1c), and �nally to reddish brown (Fig. 1d). The synthesis of NS in the solution is preliminarily determined
after the reaction.

Ag+ ion residue in the prepared NS solution. Compared with the control group with Ultra-pure water (UPW),
the NS stock solution with NaCl solution did not exhibit any color change, turbidity, or precipitation
(Fig. 2a and 2b), indicating that the NS solution had little to no Ag+ ion residue.

pH value, and thermal and acid-base stability of the prepared NS aqueous solution. The prepared NS
stock solution remained clear without noticeable agglomeration throughout the reaction process, with a
neutral pH value of 7.10. Compared with the initial NS stock solution (Fig. 3a), there were no changes in
the NS solution after 30 min of boiling water bath (Fig. 3b), indicating its good thermal stability. In
addition, there were no evident changes in the NS solution after the addition of 1 mL 0.1 mM HNO3

solution (Fig. 3c), demonstrating its good acidic stability. However, after adding 1 mL 0.1 mM NaOH
solution, the color rapidly changed from reddish brown to grayish green (Fig. 3d), indicating the instability
of the prepared NS solution under strong alkali condition.

UV-Vis absorption spectrums. The UV-Vis absorption spectra of the prepared NS solution NS solution
exhibited a characteristic surface plasmon resonance band at 410 nm (Fig. 4) for the NS solution
prepared with D-fructose, which is the characteristic absorption peak of the NS solution. This con�rmed
the formation of spherical NS particles. Furthermore, narrow absorption peaks and a smooth absorption
spectrum were observed (Fig. 4), revealing the small particle size of the synthesized NS, and their
monodispersion and non-aggregation. The appearance of the NS aqueous solution was stable after more
than two months, as shown from the UV-Vis absorption spectrum of the NS.

NS particle size. TEM observation revealed the approximately spherical shape of the prepared NS
particles and their distribution (Fig. 5a). The diameter of the NS particles varied from 13.95 to 87.36 nm
with an average particle size of 61.39 nm. The size distribution histograms further showed the highest
proportion (40.43%) of the particle size range of 61–80 nm, followed by 71–90 nm (35.11%) (Fig. 5b).

In vitro evaluation of antibacterial activity. The antibacterial activity of the prepared NS aqueous
solutions was tested against the bacteria isolated from the vase water of cut carnation �owers.
Compared with the control (0.9% sterile saline), the circular �lter paper wells exhibited distinct
bacteriostatic rings (Fig. 6a–d). The results showed the notable inhibitory activity of the NS solution
against the growth of the bacteria from the vase water of cut carnation �owers. Further observation of
the zone size and visibility of the bacteriostatic ring of the circular �lter paper wells showed that higher
concentration of the NS solution resulted in a clearer bacteriostatic ring, more pronounced bacteriostatic
effect (Fig. 6b, c, and d), and larger inhibition zone diameter. Additionally, the NS stock solution had the
largest inhibition zone diameter of 10.87 mm, followed by the two-fold dilution and four-fold dilution of
the NS solution, which were 9.86 and 7.86 mm, respectively. However, there was no bacteriostatic ring
observed in the control group with circular �lter paper wells dipped with sterile saline (Fig. 6a).
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Discussion
NS is a novel and excellent antibacterial material. In the recent years, its preparation and application has
become a research hot spot in the �eld of nanomaterials1,2,35. However, at present, NS is mainly
synthesized through chemical processes. Although the chemical preparation of NS is highly e�cient, the
chemicals used in the preparation process undoubtedly have adverse effects on the environment. With
the development of environmentally benign technologies in material synthesis, there is increasing
attention on the biosynthesis of nanoparticles29. The green synthesis of nanoparticles is a signi�cant
new research �eld of nanotechnology that has the advantages of simplicity, environmental benignity, and
cost effectiveness, compared to chemical and physical approaches8. In the present study, neutral NS was
successfully green prepared with D-fructose as the reducing agent and PVP as the capping agent.

The antibacterial properties of NS are related to the shape, size, dispersion, aggregation, and solubility of
the nanoparticles36. The smaller size and better dispersion of NS result in a higher antibacterial activity.
The antibacterial and dispersive properties of NS play an important role in the postharvest vase treatment
and preservation of cut �owers to inhibit the growth of microorganisms in the vase solution and display
an antagonizing ethylene effect as it is adsorbed on various parts of the cut �owers6,7,12. NS particles are
prone to aggregation due to their strong intermolecular force, thereby in�uencing their antibacterial effect.
Accordingly, it is critical to prevent the aggregation of NS particles and maintain their dispersion and
uniform particle size. Capping agents are typically used to prevent the aggregation of NS particles. In this
study, PVP was used as the capping agent to inhibit the aggregation of the NS particles during synthesis.
Finally, an NS solution with good stability and uniform particle distribution (Fig. 5) was obtained, which
are desirable properties for various applications of NS.

The synthesis of nanoparticles with antibacterial activities is an important direction in the development
of new pharmaceutical products37. The green preparation of NS using pineapple peel extracts had
evident antibacterial activity against pathogenic bacterial strains, Pseudomonas aeruginosa and Bacillus
subtilis38. Dangi et al. reported that NS biosynthesis using Berberis asiatica root extract showed good
antibacterial activity against K. pneumoniae, E. coli, S. aureus, and S. typhimurium. On the other hand, NS
and antibiotics have a good synergistic activity that has high inhibition against K. pneumoniae39. In
addition, several studies have shown that NS has outstanding ability to maintain the freshness of cut
�owers, con�rming its excellent germicidal effect and antagonizing effect against ethylene6,7,10,11. Four
dominant bacteria (Arthrobacter arilaitensis, Kocuria sp., Staphylococcus equorum, and Microbacterium
oxydans) that reduce vase life were isolated from the stem ends of cut carnation �owers, thereby proving
that biosynthetic NS treatments signi�cantly inhibit bacterial growth in the vase solution and cut stem
ends of �owers and foliage during their vase life12,26. The green synthesized NS was used as the
antimicrobial agent against three bacterial genera that were involved in decreasing the longevity of cut
�ower, showing the e�cient antibacterial activity of NS against these bacteria8. In the present study, with
the premise that the prepared NS solution did not have Ag+ ion residue (Fig. 2), the bacteriostatic ring test
showed that the green synthesis of NS using D-fructose had clear inhibitory effect on the growth of the
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bacteria isolated from the vase water of cut carnation �owers with a dose-dependent effect (Fig. 6b–d). A
neutral NS aqueous solution with good stability was obtained by a simple, convenient, and
environmentally friendly one-step preparation, which can reduce the high cost and environmental
pollution concerns of conventional synthesis methods.

Conclusions
In the present work, our results demonstrated the feasibility of the green synthesis of stable neutral NS
aqueous solution using D-fructose as the reducing agent and PVP as the capping agent. The proposed
synthesis method has the advantages of simplicity, shorter time, and reduced use of toxic chemical
reagents, compared to conventional chemical preparation methods. Thus, it could effectively reduce the
preparation cost and adverse environmental impacts of NS synthesis. The resulting NS aqueous solution
has good stability with well dispersed NS particles. Additionally, we investigated the optical properties of
the NS solution using UV-Vis spectrophotometry to measure the particle size and shape of the NS
particles using TEM and assess their antibacterial activity by bacteriostatic ring test. This study revealed
the preparation conditions, parameters, basic characteristics, and characterization of the NS solution.
Considering that the synthesized NS solution had strong inhibitory effect on the growth of the bacteria
isolated from the vase water of cut carnations, it may serve as a practical and effective antibacterial
agent for preserving cut carnations and other cut �owers. Future research objectives could include the
optimization of the preparation conditions, and development of a new type of preservative and other
products for the postharvest preservation and treatment of cut �owers.

Materials And Methods
Materials. Silver nitrate (AgNO3), sodium chloride (NaCl), ammonia (NH3•H2O, 25% aqueous solution),
nitric acid (HNO3), sodium hydroxide (NaOH), and PVP were purchased from Guangzhou Chemical
Reagent Factory (Guangzhou, China). D-fructose (C6H12O6, MW = 180.16) was purchased from Aladdin
(Shanghai, China). All reagents were of analytical grade. The bacteria isolated from the vase water of cut
carnation ‘Prince’ �owers were provided by the Biotechnology Institute, Zhongkai University of Agriculture
and Engineering. Ultra-pure water (UPW) was used for the experiments.

Green preparation of NS aqueous solution. First, 40 mL aqueous solution of 10 g L− 1 PVP, 100 mL 0.116
mol L− 1 D-fructose, and 200 mL 0.001 mol L− 1 Tollens reagent, which was produced by AgNO3 and dilute
ammonia water, was added to a 500 mL volumetric conical �ask. The volume of the solution was
increased to 500 mL with the addition of UPW. The conical �ask was shaken while adding the previously
mentioned liquid each time. The mouth of the conical �ask was sealed with polyethylene �lm after
adding all the solutions. The solution was then reacted at a room temperature of 25°C for approximately
2 h and shaken every 5 min. The block scheme of the 21.57 mg L− 1 NS stock solution used for the
experiments is shown in Fig. 1.
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Ag+ ion detection. To detect Ag+ ion residue in the prepared NS solution, 1 mL 0.1 mM NaCl solution was
placed in a test tube and 1 mL NS stock solution was added and shaken until su�cient turbidity was
observed. A control of 1 mL UPW added to 1 mL NS stock solution was also prepared. The two tubes
were compared to observe the turbidity in each solution.

pH value determination. The prepared NS stock solution (10 mL) was added to a test tube and its pH
value was measured with a portable pH meter (pH-902, EDKORS, Japan).

Stability test in high-temperature boiling water bath. The prepared NS stock solution (5 mL) was placed in
a test tube and its physical changes were observed after a 30-min treatment in a high-temperature boiling
water bath. Another 5 mL NS stock solution was transferred to another tube without high-temperature
treatment for comparative observation.

Stability test in acidic and alkaline conditions. The prepared NS stock solution (5 mL) was added to test
tubes with 1 mL 0.1 mM nitric acid solution and 1 mL 0.1 mM NaOH solution, respectively. The physical
changes were observed after shaking the solutions and allowing it to stand for 10 min. Another 5 mL
stock solution and 1 mL UPW were placed in another tube for comparative observation.

UV-Vis spectrum analysis. The prepared NS stock solution (4 mL) was placed in a quartz cuvette with 10
mm optical path after diluting the NS solution four times. UPW was used as the reference. Their UV-Vis
absorption spectra were recorded in the range of 300–700 nm with 1 nm spectral bandwidth using a UV-
Vis spectrophotometer (UV-2600, Shimadzu, Japan).

Particle size observations. The NS stock solution (100 µL) was absorbed and dried on carbon-coated
copper grids. The size, size distribution, and morphology of the NS particles were observed by TEM (JEM-
1400, JEOL Ltd., Japan) at a working voltage of 120 kV. The size of the NS particles was measured by
cross method using the measurement software Image Pro Plus 6.0 (Media Cybernetics Inc., USA). More
than 90 NS particles were noted.

Assessment of antibacterial activity. The antibacterial activity of the prepared NS was tested using the
bacteria isolated from the vase water of cut carnation ‘Prince’ �owers by agar disk diffusion method.
First, 20 mL sterilized nutrient agar was poured into petri dishes with 9.0 cm diameter while it was hot,
and was allowed to cool and solidify at room temperature (25°C). The bacteria isolated from the vase
water of cut carnation �owers were diluted to a concentration of 105–106 CFU mL− 1 using sterile normal
saline solution. Each 40 µL liquid bacterial germ was uniformly coated on the individual plates using a
sterile coating rod. Using tweezers, three sterile circular �lter paper wells of 5.5 mm diameter were placed
on each plate. The NS stock solution (15 µL, initial concentration: 21.57 mg L− 1), two-fold dilution of the
NS stock solution (concentration: 10.79 mg L− 1), and four-fold dilution of the NS stock solution
(concentration: 5.39 mg L− 1) were added on the circular �lter paper wells using micropipettes,
respectively. In addition, 15 µL sterile saline was used as the control. Then, the plates were incubated at
37°C for 12 h and were inspected to determine their inhibition zone. The diameter of the inhibition zone
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was measured by cross method using the measurement software Image Pro Plus 6.0 (Media Cybernetics
Inc., USA).
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Figure 1

Schematic presentation of the green-prepared NS with the reaction times: (a) 30 min, (b) 60 min, (c) 90
min, and (d) 120 min (full reaction).

Figure 2
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Detection of Ag+ ions in the prepared NS stock solution: (a) NS stock solution mixed with UPW, and (b)
NS stock solution mixed with NaCl solution.

Figure 3

Visual observation of the stability of the green synthesized NS stock solution: (a) without any treatment
(control), (b) after boiling water bath treatment for 30 min, (c) after adding 1 mL 0.1 mM HNO3 solution,
and (d) after adding 1 mL 0.1 mM NaOH solution.
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Figure 4

UV-Vis absorption spectra of the green synthesized NS stock solution: (a) on the day of preparation, and
(b) two months after preparation.
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Figure 5

TEM images (a) and size distribution (b) histograms of the green synthesized NS.



Page 16/16

Figure 6

Inhibitory activity of the prepared NS solution on the growth of bacteria isolated from the vase water of
cut carnation ‘Prince’ �owers: (a) control with 0.9% sterile saline, (b) NS stock solution, (c) two-fold
dilution of NS solution, and (d) four-fold dilution of NS solution. The inhibition zone diameter is indicated
by arrows and the values are in millimeters.


