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Abstract Compared with cultivated plants, wild weeds are cheaper and wider

available for phytogenetic synthesis of nanoparticles. It is very valuable to distin-

guish the weed species from the local dominant wild plants for both efficient syn-

thesis of nanoparticles and real industrial applications. In this study, a cheap, simple

and novel biosynthesis method for silver nanoparticles (AgNPs) using Chenopo-

dium aristatum. L stem extract as reducing and capping agents was developed. The

real-time formation of AgNPs was monitored by UV–vis spectroscopy, and the SPR

band was located at *440 nm. The reaction factors including incubation time,

AgNO3 concentration, reaction temperature and pH were discussed and optimized.

The synthesized AgNPs were quasi-spherical with the sizes from 3 to 36 nm.

HRTEM images and XRD patterns showed that the AgNPs were with the face-

centered cubic (fcc) structure. FTIR spectra indicated that some functional groups

such like O–H, N–H, C–H, C=O were possibly responsible for reducing silver ions

into nanoparticles and acted as capping agents to avoid agglomeration. The syn-

thesized AgNPs exhibited strong catalytic activity in degradation of 4-nitrophenol

and good antibacterial activity against E. coli and S. aureus. The proposed phyto-

genetic synthesis method is economical, simple and feasible.
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Introduction

Silver nanomaterials (or silver nanoparticles, AgNPs) have been applied in many

fields (such as food technology, cosmetics and medical products, textiles/fabrics,

semiconductor and optical devices), which leads to a growing demand in recent

years [1–4]. However, the wide utilization of silver nanomaterials can potentially

cause at least two adverse effects on our environment. The first one is the

unavoidable involvement of toxic chemicals during its synthesis process. The

second one is the direct toxicity of nanoparticles to biota when they are released into

the environment during/after use. Therefore, it is an import mission for the

researchers all over the world to hunt green and benign methods for synthesis of

nanoparticles [5]. More biocompatible and safer nano-products are expected for the

sustainable nanoscience and technology in the future [6]. Biogenetic synthesis of

AgNPs using microbe or plant extract has received significant attentions because

both the procedures and the products are much more benign and biocompatible

compared with physical/chemical methods [7–9]. Among these biogenetic methods,

plant mediated synthesis is regarded as the most feasible technique for real

industrial amplification with low cost, easiness and simplicity [10, 11]. In recent

years, biosynthesis methods of nanoparticles using plants or plant extracts have been

widely studied and applied [12–21]. Various tissues of plants were used to prepare

AgNPs including leaves [21–32], pods [12], seeds [13, 33, 34], peel and rind

[14, 35], fruit [15, 36], rhizome [16], roots [37], bark [17, 38, 39] and tuber [18]. By

regulating the experimental conditions, AgNPs with various morphologies can even

be obtained [40–46]. Ahmed et al. [2] reviewed on plants extract mediated synthesis

of silver nanoparticles for antimicrobial applications. Dauthal and Mukhopadhyay

[9] gave us a detailed discussion about plant-mediated synthesis, mechanistic

aspects of synthesis, and applications of noble metals nanoparticles. Qazi et al. [47]

also reviewed biogenetic synthesis of nanoparticles very recently. These critical

reviews not only summarized the present literatures but also highlighted the

potential of this field to open up new avenues for researchers [47]. They indicated

that biogenetic synthesis of nanoparticles was a promising and practical strategy for

the sustainable development of nanoscience and technology in the coming decades

[2, 9, 47].

From the both economic and scientific points, it is very valuable and significant

to use wild species (or weeds) for phytogenetic synthesis instead of the cultivated

one. Compared with other cultivated plants (such like vegetables, fruits or flowers),

wild weeds always spontaneously grow in the open fields or on hills and the cost to

use wild weeds for biosynthesis can become much cheaper. Low cost and easy

availability of the resource plants can make the phytogenetic synthesis method

practical for real applications. It will be very exciting and significant if we are able

to distinguish the effective species from the local dominant wild species for the

efficient synthesis of nanoparticles.

Chenopodium aristatum. L (C. aristatum. L) is one of the members of

Chenopodiaceae family and universally distributed in north of China (as well as

other countries at the similar latitude), especially in Hebei province. It is an annual
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herb that grows in fields and slopes as an obnoxious weed. This dominant weed

grows fast and can provide an enormous amount of biomass every year, which can

potentially supply us plenitudinous and cheap resources for phytogenetic synthesis.

It is well known that the plants belonging to Chenopodium are rich of flavonoids

(mainly kaempferol and quercetin glucosides), phenolic acids and terpenoids. These

bioactive compounds have been regarded as effective reducing agents for

biosynthesis of nanoparticles. Based on this, we believe that C. aristatum. L should

be able to act as a new, powerful and economic wild species to biosynthesize silver

nanoparticles in our local region.

To the best of our knowledge, this study should be the first report about the green

synthesis of silver nanoparticles using C. aristatum. L. The synthesis process of

AgNPs was monitored and studied by UV–vis spectroscopy. The morphology and

structure of AgNPs were measured by transmission electron microscopy (TEM) and

X-ray diffraction (XRD). Fourier transform infrared (FTIR) was applied to confirm

the functional groups which were possibly responsible for reducing silver ions and

stabilizing AgNPs. The catalytic activity of the AgNPs was studied by the

degradation of 4-nitrophenol, and the antibacterial activity was tested by inhibition

against E. coil and S. aureus.

Materials and Methods

Materials

C. aristatum. L was harvested and collected in local roadsides in Baoding city and

entirely washed with deionized water. The stem of C. aristatum. L. was carefully cut

into species (2–3 cm in length) with a knife and dried in air. The dried stems were

ground to powder and sieved with a 100 mesh sieve for the preparation of the

extract. Silver nitrate, 4-nitrophenol, sodium borohydride, and sodium hydroxide

were purchased from Kermel Chemical Reagent (Tianjin, China). All glassware was

washed by concentrated HNO3 and deionized water.

Synthesis of AgNPs

1.0 g of C. aristatum. L stem powder was added to 100 mL deionized water and

boiled at 100 �C for 10 min. The extract was filtered through 100 nm membrane

after cooling down. 400 lL of AgNO3 solution (100 mM) was added to 9.6 mL of

the extract to keep the concentration of AgNO3 at 4 mM in the final mixed solution.

The production of AgNPs was confirmed by a color change of the mixture from

light greenish-yellow to brown.

Characterization of AgNPs

The formed AgNPs were monitored by a UV–visible spectrophotometer (Pgeneral,

China) with a resolution of 1 nm in a wavelength range of 300–800 nm. The yields

of AgNPs synthesized by both phytogenetic and chemical method were determined
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by inductively coupled plasma-mass spectrometry (Agilent 7500 ce, USA). In this

experiment, the plant extract was replaced by trisodium citrate dihydrate solution

(34 mM), which was used as the chemical reduction reagent to synthesize AgNPs in

the mixture. The colloid was filtered by an ultrafiltration tube (Amicon Ultra-15, 3

KD, Millipore, MA) at 9600 rpm for 40 min when the reaction finished (the same

time span as the phytogenetic method). The concentration of silver in the filtrate was

determined by ICP-MS, and represented the amount of unreacted Ag? in the

mixture. The yields of the reactions were calculated by comparing the amount of the

reacted Ag? with the original amount of Ag? (AgNO3). The size and morphology

were characterized by transmission electron microscopy (Tecnai G2 F20 S-TWIN,

FEI/America). The crystal structure of the AgNPs was analyzed by X-ray powder

diffractometer (D8 ADVANCE, Bruker/Switzerland). Fourier transform infrared

spectroscopy (Magna-IR 750/America) analysis was applied to identify the

biomolecules which were possibly responsible for the reduction of Ag? and

stabilization of nanoparticles.

Catalytic Activity

The catalytic activity of the synthesized AgNPs was investigated by degradation of

4-nitrophenol in the presence of NaBH4. A typical experimental procedure was

carried out as following: 200 lL of freshly prepared NaBH4 (5 M) and 20 lL of

4-nitrophenol (4-NP, 20 mM) were added into a standard quartz cell and mixed with

2760 lL of the sterile DI water. 20 lL of AgNPs colloid was then added into the

mixture, and the reaction process was monitored by UV–vis spectroscopy.

Antibacterial Activity

Antibacterial activity of AgNPs was tested by the oxford cup method. S. aureus and

E. coli were grown on LB medium at 37 �C for 18 h, respectively. The culture were

then pipetted into the solid LB medium and evenly smeared. Five oxford cups were

placed on the surface of the solid LB medium. 50 lL of C. aristatum. L stem extract,

AgNPs (1, 2 and 4 mM), and gentamicin(4 lg/mL, positive control) were injected

into oxford cup, respectively. The petri-dishes were incubated at 37 �C for 24 h.

After culture, the zones of inhibition were measured. Three replicates were tested

for each bacteria strain.

Result and Discussion

Visual Observation and UV–vis Spectral Studies

The formation of AgNPs was observed by a color change from light greenish-

yellow to brown due to the excitation of the surface plasmon resonance (SPR) [48].

Figure 1 shows the visual observations of the reaction mixture under various

AgNO3 concentrations with the constant extract volume, pH, and temperature. The

color of the AgNPs colloid changed from light brown to reddish brown with AgNO3
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concentration increasing. Figure 2 demonstrates the UV–vis spectra of AgNPs

prepared under various AgNO3 concentrations. It is observed that the SPR band for

each AgNO3 concentration doesn’t shift, which indicates that the synthesized

Fig. 1 Visual observations of reaction mixture at various AgNO3 concentrations

Fig. 2 The spectra of synthesized AgNPs at different AgNO3 concentrations a 1 mM, b 2 mM, c 3 mM,
d 4 mM
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AgNPs had good stabilities. Varying the AgNO3 concentration from 1 to 4 mM led

to a slight red shift of SPR band from 442 to 446 nm. The red shift revealed the

formation of bigger AgNPs at higher AgNO3 concentration. For each sample, the

intensity of SPR band can be enhanced, and more AgNPs will be prepared with

reaction time. ICP-MS measurement showed that almost 78.2% of the total Ag? had

been converted into the AgNPs during the process. Although the yield of the

phytogenetic method was lower than that of the chemical method (95.8%), the

phytogenetic method is more environmental friendly and cost effective [49].

The pH of extract usually plays a crucial role in the synthesis of AgNPs. In our

study, the extract pH values (2, 4, 6, 8, 10, 11, and 12) were adjusted by adding

diluted HNO3 (0.1 M) or NaOH (0.1 M) solution. 400 lL of AgNO3 solution

(100 mM) was added to 9.6 mL treated extract to start the biosynthesis procedure.

The intensity of peak was much stronger, and the peak was sharper under higher pH

conditions with the same incubation time. There was no significant peak observed

under acidic conditions (Fig. 3). It may owe to the electrostatic repulsion of anions

present in alkaline solution to prohibit aggregation of the formed AgNPs [50]. A

strong and sharp peak (pH = 12) was observed at 414 nm, which revealed that the

bursting formation of AgNPs in solution under strong alkaline conditions [51]. The

SPR band shifted from 414 to 425 nm with pH decreasing (from 12 to 8) due to the

AgNPs size enlarging. From our results, the sizes and shapes of AgNPs can be

regulated by controlling the pH of the reaction solution.

Temperature is one of the critical parameters that influence the stability, activity

and chemical characters of nanoparticles, as well as the reaction speed [52]. The

effects of the reaction temperature on the synthesis of AgNPs are showed in Fig. 4.

It is observed that the reaction speed can be dramatically promoted by increasing

temperature (Fig. 4A). A significant absorption peak rapidly appeared only after

Fig. 3 The spectra of synthesized AgNPs under different pH
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Fig. 4 A UV–vis spectra of synthesized AgNPs at different temperatures (a) 30 �C, (b) 50 �C, (c) 70 �C,
(d) 90 �C. B UV–Vis spectra of AgNPs at different temperatures (6 h reaction)
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5 min reaction at 90 �C. Figure 4B shows the effect of temperature on the

wavelength shift of the AgNPs. The blue shift of the SPR band can be observed with

temperature increasing, which indicated the AgNPs with smaller sizes can be

obtained at a higher temperature. We speculate that more silver ions can be reduced

to Ag0 rapidly at a higher temperature and the reduced Ag0 atoms can be readily

aggregated to form a new cluster. The formed cluster can act as anucleation to

continuously absorb Ag0 in solution to grow into nanoparticles. The bioactive

compounds in solution can cap and stabilize the as-formed nanoparticles imme-

diately, and a large number of maller particles can be obtained. The strong and

narrow absorption peak at a higher temperature also indicates that the AgNPs

synthesized at high temperature have a narrow particle size distribution and they are

stable in solution (Fig. 4B).

TEM and EDS Analysis

TEM images (Fig. 5a) demonstrate the shapes of synthesized AgNPs are

predominant quasi-spherical with a size range of 3–36 nm, and most of the

particles are about 14 nm. The AgNPs are surrounded by a thin and transparent

layer of organic material which was responsible for enhancing the stability of

prepared AgNPs. Figure 5b shows the clear and regular lattice fringes of 0.23 nm

that correspond to (111) lattice plane of face-centered cubic (fcc) structure of

AgNPs. The corresponding fast Fourier transform (FFT) image (Fig. 5c) also

confirms the crystalline pattern of the synthesized AgNPs.

The EDS spectra of the AgNPs are showed in Fig. 6a. A strong signal of metallic

silver is clearly observed. A signal of potassium is also present for the provenience

of K in the original C. aristatum. L stem extract. Figure 6b displayed the elemental

mapping of the synthesized AgNPs, which reveals that K element surrounded

elemental Ag0.

XRD Analysis

XRD was used to confirm the crystal structure of the synthesized nanoparticles.

Figure 7 shows that the diffraction peaks are at 38.18�, 44.29�, 64.43�, 77.48�,
81.54� which corresponds to (111), (200), (220), (311) and (222) planes of face-

centered cubic silver [24, 26, 27, 37, 39]. The patterns show good match with the

JCPDS file No. 087-0717 [33, 37]. The XRD analysis demonstrates that the

synthesized AgNPs using C. aristatum. L. stem extract is crystalline in nature. The

mean size of AgNPs calculated by Debye–Scherrer’s equation is about 16 nm,

which is in agreement with the result of TEM analysis.

FTIR Analysis

FTIR is often used to study the biomolecules in plant extract which are possibly

responsible for the synthesis of nanoparticles. The spectra have no significant
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change between C. aristatum. L. stem extract and the synthesized AgNPs (Fig. 8).

The peak at 3412 cm-1 is related to the stretching vibration for O–H of phenols and

carboxylic acids [35] or N–H vibrational frequency [31]. The peak at 2921 cm-1 is

assigned to the symmetric and asymmetric C–H stretching vibration [24]. The sharp

absorption peak at 1630 cm-1 can be the N–H stretching of the primary amines and

the C=O bond of the carbonyl group also appears in this range [30, 36]. The band at

1625 cm-1 was assigned to C=C stretching vibration of the phytoconstituents

[35, 39]. The band at 1050 cm-1 was due to the vibrations of –C–O group of

constituents [34, 39]. The peak at 616 cm-1 may be assigned to the d(C–H) bending
vibrations or C–S, R–C–CH3 stretching for sulfur compounds [34, 38]. It infers that

biomolecules like flavonoids and alkaloids are responsible for reducing Ag? to Ag0

and stabilizing the synthesized nanoparticles.

Fig. 5 a TEM micrograph of synthesized AgNPs (inset shows size distribution histogram), b HRTEM
micrograph of synthesized AgNPs, c FFT pattern
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Catalytic Activity

In this study, the catalytic activity of AgNPs synthesized at different temperatures

was demonstrated by degradation of 4-NP to 4-AP in the presence of NaBH4

(Fig. 9). The mixture of 4-NP and NaBH4 has the kmax at 400 nm due to the

formation of 4-nitrophenolate ions [53]. After the addition of the AgNPs, the

intensity of the 4-nitrophenolate ions peaks decreased and new peaks appeared at

Fig. 6 a EDS analysis of synthesized AgNPs, b selected area elemental mapping of synthesized AgNPs
using C. aristatum. L. stem extract
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313 nm, which indicated the formation of 4-AP. 10 min later, the peaks at 400 nm

were disappeared and the color of reactant changed from yellow to colorless, which

means the accomplishment of the reaction. Furthermore, synthesis temperature has

no significant influences on the degradation rate of 4-NP, due to light difference of

the AgNPs synthesis at different temperature. The reaction time was slightly

shortened to 10 min from 14 min with the elevated synthesis temperature.

The degradation kinetics of the reaction system can be calculated by the

Langmuir and Hinshelwood model by the relationship between the rate of the

degradation of 4-NP in the presence of AgNPs with respect to time [54]. Because

the concentration of NaBH4 was large enough compared with the concentration of

4-NP. Hence, the reaction rate (Ka) was only assumed to be dependent of the

Fig. 7 XRD patterns of the synthesized AgNPs

Fig. 8 FTIR spectra of C. aristatum. L. stem and the synthesized AgNPs
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concentration of the 4-NP. The rate of equation can be simplified and integrated to

be:

Kat ¼ ln Ct=C0ð Þ ¼ ln At=A0ð Þ

where C0 and A0 are the initial concentration and absorption of reactants, while Ct

and At are the concentration and absorption of reactant at any time t.

Plotting ln(Ct/C0) versus the corresponding time (min) showed linear relationship

in Fig. 9d. The rate constants (k) for the degradation of 4-NP using AgNPs

synthesized at different temperatures were found to be 0.2232, 0.2320 and

0.2653 min-1, respectively. The synthesized AgNPs performs strong catalytic

activities.

Antibacterial Activity

In our study, the synthesized AgNPs showed the effective antibacterial activity

against both gram negative (E. coli) and gram positive (S. aureus) bacterium, and

these two bacteria were not susceptible to C. aristatum. L. stem extract (Fig. 10). It

was found that the inhibition zones were dose dependent with AgNPs concentration.

Fig. 9 Catalytic activity of the AgNPs synthesized at different temperatures. a 30 �C, b 50 �C, c 70 �C,
d the logarithm of the ratio between its final concentration and the initial concentration of 4-NP versus
corresponding time
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Conclusion

A phytogenetic synthesis method for AgNPs using Chenopodium aristatum. L. stem

extract was developed. In this study, the synthesized AgNPs were predominantly

quasi-spherical with a size range of 3–26 nm and most of them were 14 nm.

HRTEM images and XRD patterns demonstrated that the AgNPs were in the face-

centered cubic (fcc) structure. The synthesized AgNPs showed good catalytic and

antibacterial activities. Compared with other cultivated plants, Chenopodium

aristatum. L. always spontaneously grows in the open country or wilderness with

a large biomass production. The easy availability of Chenopodium aristatum. L. and

the fast growth rate of AgNPs enable the whole synthesis procedure cost effective

and feasible for real applications.
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