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ABSTRACT

This study aimed to assess the characteristics, including morphology, physico-

chemical properties, and antibacterial properties, of silver nanocolloids obtained

by D-glucose reduction. Silver nanoparticles were synthesized in accordance

with the principles of green chemistry using D-glucose as a reductor. The

obtained nanostructures were characterized by UV–vis spectroscopy, trans-

mission electron microscopy, and dynamic light scattering. Stability tests per-

formed after 1 month of storage revealed that the colloids prepared with and

without polyvinylpyrrolidone as a stabilizer had the same properties. Distri-

bution of the nanoparticles was tested using inductively coupled plasma mass

spectrometry by doping the silver colloids into a natural soap mass. The

antibacterial activity of the soap containing silver nanoparticles was tested on

dirty hands. The antibacterial activity test demonstrated that the novel green

soap materials improved with D-glucose-reduced silver nanoparticles possessed

better antibacterial properties than a pure soap, and thus, they could be rec-

ommended for quotidian use by dermatological patients.

Introduction

Metal nanoparticles are known to exhibit unique

physical, chemical, and biological properties [1–7].

The nanosize of particles determines various

parameters such as melting point, optical properties,

and thermal, magnetic, and electric conductivities

[7–9]. One of the most important advantages of metal

nanoparticles is their high area-to-volume ratio. The

smaller the diameter of nanoparticles, the more

developed is the surface area, which directly influ-

ences the reactivity of nanomaterials, their adsorption

properties, and antimicrobial activity [5, 10–14]. Sil-

ver nanoparticles have been characterized with the

strongest antimicrobial activity compared to other

nanomaterials [14–16]. Moreover, silver exerts lower

toxicity on human cells compared to other metals and
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is thus considered ideal for the production of

antibacterial materials. Indeed, nanosilver has been

used as a cover to protect heat-susceptible materials

during processes involving high temperatures (e.g.,

sterilization). A very significant finding is that a wide

range of bacteria cannot develop resistance to metal

nanoparticles, unlike observed in the case of antibi-

otics upon prolonged use [12, 17, 18]. It has also been

shown that the antibacterial activity of nanoparticles

is determined by their size and shape, i.e., the larger

the particles, the weaker the antibacterial activity.

Nanoparticles in the range of 5–10 nm show the

strongest interaction with bacteria [11, 14].

Normal healthy human skin is colonized by

numerous microorganisms. The total number of

bacterial cells on a human hand ranges from

3.9 9 104 to 4.6 9 106 colony-forming units/cm2.

Bacteria isolated from human hands can be classified

into two categories: resident and transient. Staphylo-

coccus epidermidis, Staphylococcus hominis, and other

coagulase-negative staphylococci, as well as coryne-

form bacteria (propionibacteria, corynebacteria, der-

mobacteria, and micrococci), are dominant among

the resident flora [19–21]. The most common fungus

of resident hand skin flora is Pityrosporum (Malasse-

zia). Transient flora, on the other hand, results from

the contamination of human hands and is responsible

for the spread of infectious diseases. Handwashing is

the single most effective method for reducing

unwanted growth of transitional flora. However, the

time of washing is critical. The minimum time for

effective hand washing that removes a significant

amount of bacteria is 30 s [19–24].

The size of nanoparticles can be determined from

the color change of their colloids, which can be rela-

ted to the changes in the optical properties of the

particles. It has been reported that gold nanoparticles

of red color have a diameter of about 20 nm, while

those of orange color are about 80 nm in size [3, 4].

Due to their large surface energy in comparison with

macroscopic materials, colloids are unstable and tend

to aggregate. To prevent this, they are coated with

protective polymers such as polyvinylpyrrolidone

(PVP) or ethylene glycol. These polymers also have a

positive impact on the formation of nanoparticles.

Nanoparticles with sharp edges exhibit higher activ-

ity than round-shaped particles [12–15]. Due to their

antibacterial and antifungicidal properties, silver

nanoparticles could be used in natural cosmetics. In

addition, they are chemically stable and can be

produced at a low cost. Furthermore, sugars such as

glucose, sucrose, fructose, and lactose, which are

nontoxic and cheap, could be used in the green syn-

thesis of silver nanoparticles [25–28].

The present study aimed to provide answers to the

following questions: Is it possible to obtain natural

soap with broad antibacterial and antifungal prop-

erties? We assume that a combination of silver

nanoparticles and natural soap will be characterized

by a complete bactericidal effect, especially against a

mixture of bacteria [25, 26]. This paper presents the

results of characterization of silver nanocolloids

obtained by D-glucose reduction, including the

observations of their morphology, physicochemical

properties, and antibacterial properties.

Materials and methods

Materials

Silver nitrate, D-glucose, and PVP (Mw 10,000 Da) were

purchased from Aldrich and used without further

purification. NaOH solutions of concentration

0.08 mol/L and 28% (w/w) were prepared using 50%

(w/w) sodium hydroxide (Supelco). Ultrahigh purity

water obtained with a Milli-Q system (Millipore Co.)

was used for the preparation of all aqueous solutions.

The concentration of silver and sodium ions in the initial

solution was determined by inductively coupled

plasma optical emission spectrometry (ICP OES).

Coconut oil, olive oil, shea butter, and castor oil were

purchased from OQUEMA Sp. Z o.o. and used without

further purification. Yeast extract, peptone (tryptone),

glucose, sodium chloride, and agar were purchased

from Avantor Performance Materials Poland S.A. and

also used without further purification.

Methods

‘‘Green’’ synthesis of silver nanoparticles

To prepare silver colloid, a solution containing

30.00 mL of 0.001 mol/L AgNO3 and 3.60 mL of

0.012 M D-glucose with or without 0.14 g of PVP was

heated up to 85 �C, followed by the addition of 300.00

lL of 0.08 M NaOH [29]. Heating was continued for

30 min, and then, the colloid was stirred for an

additional 1 h to allow it to cool to room temperature.

All glassware used for colloid synthesis was
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previously cleaned with a piranha solution. The

prepared colloid was stored at room temperature in

an amber glass bottle to protect it from light.

Natural soap synthesis

Natural soap was prepared by applying a low-tem-

perature saponification method (heating to 48 �C).

High-quality vegetable raw materials such as coconut

oil, olive oil, shea butter, and castor oil were mixed and

28% (v/v) NaOH solution was added to 100.00 g of the

prepared fat phase. About 5% of undeprived fat was

left in the soap mass. The obtained natural soap was

incubated at 42 �C for 12 h and then allowed to mature

and dry at room temperature for 8 weeks.

UV–Vis characterization

The spectra were recorded at 20 �C in a quartz cell

with 1-cm path length using an Evolution 300 UV–

VIS Thermo Fisher Scientific spectrometer equipped

with a xenon lamp (range 190–1100 nm, accuracy

0.2 nm, sweep rate 120 nm/min). For UV–vis char-

acterization, the concentration of Ag nanoparticles

was reduced twice to reach 0.05 mol/L.

Transmission electron microscopy (TEM) characterization

The size and morphology of the prepared silver col-

loids were determined by TEM using Jeol 2010

transmission electron microscope operating at

200 kV. For TEM characterization, the concentration

of Ag nanoparticles was reduced hundred times to

reach 0.001 mol/L.

Dynamic light scattering (DLS) characterization

DLS analysis was performed using a Micromeritics

Instruments NanoPlus DLS system (wavelength

range 0.1 nm to 12 lm) in glass cuvettes with 1-cm

optical path. The synthesized Ag nanoparticles were

used as such without modifying their concentration

(0.1 mol/L).

Inductively coupled plasma mass spectrometry (ICP-MS)

characterization

Soap samples (n = 3) weighing approximately 0.5 g

(weighted to the nearest 0.1 mg) were placed in a

clean Teflon vessel with 65% HNO3 and 48% HF

(Merck, Germany). The samples were mineralized

using a Multiwave PRO microwave reaction system

equipped with an 8NXF100 acid digestion rotor

(Anton Paar, Austria). The content of Ag was esti-

mated using an ICP-MS 2030 spectrometer (Shi-

madzu, Japan). The measurement conditions and

parameters of ICP-MS have been described previ-

ously by Koziol et al. [30].

Antibacterial activity test

For the antibacterial activity test, a standard medium

was prepared as described in the literature with the

following composition: yeast extract (2.50 g/L), pep-

tone (tryptone, 5.00 g/L), glucose (1.00 g/L), sodium

chloride (5.00 g/L), and agar (15.00 g/L). The pH of

the medium was adjusted to 7 before sterilization

[23, 24] by autoclaving (120 �C, 30 min). To prevent

contamination, the sterilized medium was poured

into Petri dishes in a laminar flow cabinet.

Results

Two types of silver nanoparticles were synthesized

using D-glucose as a reducing agent. As illustrated in

Fig. 1, one of the colloids was stabilized with a PVP

solution (Fig. 1a), which was added at the beginning of

the synthesis, before the addition of NaOH solution,

while the second colloid (Fig. 1b) was prepared without

PVP.

PVP homopolymer contains a polyvinyl skeleton

with N and O polar groups which show a strong

affinity to silver ions and metal nanoparticles. It has

been shown that PVP not only accelerates sponta-

neous nucleation but also surrounds the formed

nanoparticles during colloid synthesis. Thus, it acts

as a stabilizer and blocks the aggregation of silver

nanoparticles [21, 22]. Figure 2 shows the results of

the DLS analysis of the prepared colloids and their

TEM micrographs.

TEM micrographs showed that both colloid sys-

tems contained well-formed, globe-shaped, and sep-

arated silver nanoparticles (Fig. 2). DLS analysis was

carried out to analyze the size of the obtained colloids

and the size distribution of the nanoparticles. The

results showed that silver nanoparticles synthesized

with PVP had a diameter ranging between 22 and 184

(± 2) nm. The mean diameter of the nanoparticles

was 39 nm, and 90% of the nanoparticles were in the
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range of 25–169 nm. In the case of nonstabilized

system, the diameter of the nanoparticles ranged

between 18 and 141 nm with a mean value of 29 nm.

The size distribution of the nanoparticles in the

nonstabilized system appeared narrower, as 90% of

the nanoparticles were in the range of 20–128 (± 2)

nm. Analyses of TEM images using Image-ProPlus5

software showed that the sizes of the particles

observed in the images were in good agreement with

the values determined by DLS. The marginally larger

size of the PVP-stabilized nanoparticles could be

attributed to the presence of the polymer coating.

Figure 2a also shows that stabilized nanoparticles are

surrounded by a 2-nm PVP coating layer.

The maximum absorption of the obtained silver

colloids without and with PVP was 412 and 422 nm,

Figure 1 Schematic diagram of colloid synthesis a with PVP and b without PVP.

Figure 2 DLS and TEM characterization of the colloids a with PVP and b without PVP.
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respectively (Fig. 3). This indicates the monodisper-

sity and structural uniformity of both colloids [16].

The stability of silver colloids prepared with and

without PVP did not differ. Thus, in line with the

principles of green chemistry, silver colloid prepared

without PVP was chosen for use as an antibacterial

agent in soaps. In the next step of the investigation, the

colloid without PVP was used for the fabrication of the

antibacterial soap. The pH of the synthesized colloid

was about 5; however, due to the high basicity of the

soap mass, the colloid was tested at a high pH value.

The UV–Vis spectra of the colloid were obtained at

high pH to characterize the behavior of the silver

nanoparticles. As shown in Fig. 4, at high pH, the

nanoparticles tended to aggregate [31], and thus,

during the preparation of silver-doped soap the colloid

was rapidly added to the soap mass and mixed con-

tinuously with a magnetic stirrer at 1000 rpm to pre-

vent the aggregation of silver nanoparticles.

The recipe of natural soap bar was developed for

the purpose of application of silver nanocolloids in

cosmetic products. Synthesis was carried out with

high-quality materials using a low-temperature

method. It was ensured that the ingredients chosen

for the recipe had optimal physicochemical proper-

ties such as pH, hardness, foaming, and cleaning and

were skin-friendly. Furthermore, the procedure

applied for the synthesis does not result in waste.

The obtained silver nanocolloids were added to

natural soap. (When stirring the soap mass, 3.5 mL of

silver colloid per 100 g of fat phase was added

exactly at the 8th minute.) The soap was left for

1 month to mature. The ICP-MS analysis of the

samples obtained from three different areas of the

soap showed that silver nanoparticles were equally

distributed in the soap bar (Table 1).

The antibacterial properties of the soap with and

without silver nanoparticles were tested against bac-

terial pathogens collected from the palm skin (Fig. 4).

The antimicrobial activity of the soap mass with or

without silver nanoparticles was also tested. To

determine the colonization of palm skin with bacterial

and fungal pathogens, four Petri dishes containing the

same amount of standard medium handprint were

made. On the first Petri dish, a dirty hand palm was

Figure 3 UV–Vis extinction spectra of silver nanocolloids

stabilized with PVP (yellow solution; left spectra) and silver

nanocolloids without PVP (light yellow solution; right spectra).

Black curves—on the day after the synthesis; colorful curves

(orange or green)—2 weeks after the synthesis.

Figure 4 Comparison of UV–Vis extinction spectra of silver

colloids at different pH.
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handprinted. On the second Petri dish, a dirty hand

palm that was washed with a natural soap was hand-

printed. On the third Petri dish, a dirty hand palm that

was washed with a natural soap containing D-glucose-

reduced silver colloid was handprinted. The fourth

Petri dish containing only standard medium was used

as a control. All samples were left for 24 and 48 h,

respectively (Fig. 5). After incubation, no changes

were observed in the control.

Discussion

The obtained results showed that the presence of PVP

polymer in the colloid system did not have any sig-

nificant impact on the nanoparticle size. Besides, the

nonstabilized system also possessed well-separated

silver nanoparticles. According to the literature, the

range of wavelengths in which the maximum absor-

bance of silver colloids occurs is 390–420 nm

[7, 8, 32, 33]. A detailed analysis of the UV–Vis

spectrum allowed determining the quality of the

obtained colloid. The spectra with relatively high

absorbance obtained for silver colloid without stabi-

lization indicated its slightly smaller size in compar-

ison with colloid with PVP. The process of

aggregation of nanocolloids could be observed as a

decrease in absorbance, with a shift of kmax toward

lower energies and widening of the spectrum [32].

The stability in time of the obtained nanoparticles

was controlled at the first step by UV–Vis spec-

troscopy. After 2 weeks, no changes in kmax and

absorbance of spectrum were observed (Fig. 3).

In the Petri dish handprinted after hand washing

with the soap containing silver nanoparticles, a sig-

nificantly lower bacterial growth was found. Silver

Table 1 ICP-MS analysis of

soap samples for the presence

of silver

Soap with nanosilver Silver content (lg/g) Relative standard deviations RSD (%)

Probe 1 1.927 2.01

Probe 2 1.881 1.69

Probe 3 1.653 0.83

Figure 5 Growth of bacteria and fungi on agar medium: after

24 h—a without washing, b washing with standard soap, and

c washing with soap containing nanoparticles; after 48 h—

d without washing, e washing with standard soap, and

f washing with soap containing nanoparticles.
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nanoparticles with a size of about 20 nm can pass

through bacterial cell walls, resulting in cell death.

This clearly indicates that nanoparticles obtained

from natural ingredients have potential application

as an antibacterial agent in soaps and products con-

taining these nanoparticles can be recommended to

dermatological patients.

Conclusions

Time-stable silver colloids were synthesized by

D-glucose reduction of silver nitrate in the presence

and absence of PVP. The prepared silver colloids

were stable for 1 month and had an average size of

20 nm. In line with the principles of green chemistry,

silver colloid obtained without PVP was used as an

antibacterial additive for the preparation of soap. The

soap mass obtained using natural ingredients was

characterized by optimal pH, hardness, frothiness,

and washing as well as skin-friendly care properties.

It was also found that soaps containing the prepared

silver colloids exhibited antibacterial and antifungal

properties, as confirmed by less bacterial growth and

a reduced number of bacterial colonies in the

antibacterial activity test. Thus, the results showed

that soaps containing silver colloids obtained by

D-glucose reduction, without any harmful chemical

additives, can be recommended particularly to peo-

ple with dermatological problems.
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