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Nanoengineering of eco‑friendly 
silver nanoparticles using 
five different plant extracts 
and development of cost‑effective 
phenol nanosensor
Siwar Jebril1,2, Alaeddine Fdhila1,2 & Chérif Dridi1*

The production of environmentally friendly silver nanoparticles (AgNPs) has aroused the interest of 
the scientific community due to their wide applications mainly in the field of environmental pollution 
detection and water quality monitoring. Here, for the first time, five plant leaf extracts were used for 
the synthesis of AgNPs such as Basil, Geranium, Eucalyptus, Melia, and Ruta by a simple and eco‑
friendly method. Stable AgNPs were obtained by adding a silver nitrate  (AgNO3) solution with the 
leaves extract as reducers, stabilizers and cappers. Only, within ten minutes of reaction, the yellow 
mixture changed to brown due to the reduction of  Ag+ ions to Ag atoms. The optical, structural, and 
morphology characteristics of synthesized AgNPs were determined using a full technique like UV–
visible spectroscopy, FTIR spectrum, XRD, EDX spectroscopy, and the SEM. Thus, Melia azedarach 
was found to exhibit smaller nanoparticles (AgNPs‑M), which would be interesting for electrochemical 
application. So, a highly sensitive electrochemical sensor based on AgNPs‑M modified GCE for 
phenol determination in water samples was developed, indicating that the AgNPs‑M displayed good 
electrocatalytic activity. The developed sensor showed good sensing performances: a high sensitivity, 
a low LOD of 0.42 µM and good stability with a lifetime of about one month, as well as a good 
selectivity towards BPA and CC (with a deviation less than 10%) especially for nanoplastics analysis 
in the water contained in plastics bottles. The obtained results are repeatable and reproducible with 
RSDs of 5.49% and 3.18% respectively. Besides, our developed sensor was successfully applied for 
the determination of phenol in tap and mineral water samples. The proposed new approach is highly 
recommended to develop a simple, cost effective, ecofriendly, and highly sensitive sensor for the 
electrochemical detection of phenol which can further broaden the applications of green silver NPs.

Abbreviations
EC  Electrochemical
PA  Pulse amplitude
EDX  Energy-dispersive X-ray
Pt  Platinum
FCC  Face center cubic
PT  Pulse time
FTIR  Fourier transform infrared
SEM  Scanning electron microscopy
GCE  Glassy carbon electrodes
SS  Scan speed
NPs  Nanoparticles
XRD  X-ray diffraction
LOD  Limit of detection
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Nowadays, the most research-active field of modern materials science is definitely nanoengineering and nano-
technology. An estimate made in 2020 indicates that the nanomaterials industrial production has risen to 58,000 
tons per  year1. On this basis, several methods were used for the synthesis of nanomaterials and so nanoparticles, 
including the physical and chemical  ones2. However, all these methods are expensive, time-consuming, compli-
cated, and environmentally  toxic3,4. Furthermore, both physical and chemical methods have some limitations 
to control the shape and size of  nanoparticles5. To overcome the shortcomings of these methods, biological 
routes have emerged as viable options. Thus, the biological approach for the synthesis of nanoparticles, which 
is less expensive and uses environmentally friendly resources produces non-toxic waste and with a high yield 
of nanoparticles would be ideal that any researcher in nanoparticles synthesis aims to  achieve6. This is why 
green nanotechnology has recently found great scope in the synthesis of many nanomaterials using eco-friendly 
technologies rather than toxic chemicals. It has been used for the synthesis of mono and multi-metallic nano-
particles based  alloys7–10. However, in our work we focus on simple monometallic nanoparticles. The green 
synthesis of metallic nanoparticles, particularly the silver ones using plant extracts as nano-factories becomes a 
significant subject of researches, which makes them suitable for a variety of applications, notably nano-devices 
and  nanobiotechnology11,12.

The plant  extracts13–17 and  microorganisms18,19 such as viruses, bacteria, and yeasts play an important role in 
the synthesis of nanoparticles as reducers and stabilizing agents. However, there are many advantages to using 
the plant extracts over microorganisms, namely that they are readily available, safe to handle, they have low 
cultivation cost and short manufacturing time. Plants benefit also from a wide variety of metabolites such as 
antioxidants, proteins, vitamins, alkaloids, terpenoids, flavonoids, and phenolic compounds that play a key role 
in the reduction of stabilized metallic  nanoparticles20,21. So green chemistry for plant extracts is a better option 
for AgNPs production cause besides their biocompatibility, stability and biodegradability, they offer a stable 
protection layer for the AgNPs that protects them from  aggregation22.

The characteristics of these NPs obtained from plant extracts are influenced by different parameters such as 
temperature, pH and reaction time; however, the nature of the biomolecules which present in the plant extracts 
might be the most relevant factor in the synthesis  process23.

For the synthesis of NPs, the primary plant compounds are responsible for the reduction of metal  ions24, this 
is why we have chosen plants that provide us with a relatively fast reduction of metal ions, which easily occurs 
in solution and leads to a high density of stable silver nanoparticles. So, in the present work, for the first time, we 
report the synthesis of AgNPs exploiting five plant leaves extracts such as Basil (AgNPs-B), Geranium (AgNPs-
G), Eucalyptus (AgNPs-E), Melia (AgNPs-M), and Ruta (AgNPs-R) as capping and reducing agents in a simple 
and faster process. The optical, structural, and morphology properties of these biosynthesized AgNPs were fully 
characterized using different techniques such as UV/visible, FTIR, XRD, EDX, and SEM analysis, resulting that 
the AgNPs-M have less size compared to the other types of nanoparticles, which would be interesting for phenol 
electrochemical sensors.

Phenolic compounds are the most polluted component that exists in the environment, we found theme in 
canned food, in several chemicals and in water particularly. These compounds degrade slowly in the environment 
and are easily absorbed through the skin or mucous membranes. Their toxicity affects a large number of organs 
such as the genitourinary system, the lungs, the liver, as well as kidneys. Among these phenolic compounds, 
phenol is the most toxic and classified as a priority  pollutant25. Phenol exposure can cause movement problems 
that may include tremors, loss of coordination, muscle weakness and even paralysis. It also affects the respiratory 
system and can cause breathing  arrest26. Hence, the World Health Organization (WHO) set a dose limitation of 
phenols not exceed 1 mg  L−1 in drinking  water27. For all these reasons, great efforts have been made to develop 
an efficient techniques for phenol determination such as  spectrophotometric28, flow-injection analysis, chroma-
tographic  techniques29, and high-performance liquid chromatography (HPLC)30. Nevertheless, these methods 
are expensive, difficult to control, and time-consuming. On the other hand, electrochemical methods are lately 
recognized as one of the most valuable techniques for phenol detection due to their simplicity, reduced cost, and 
high sensing  performances31–33, essentially when the electrode surface is modified to improve the sensitivity and 
the selectivity of the  sensors34. AgNPs are among the most attractive electrochemical sensor modifier candidates. 
Recently, AgNPs have been used individually for the determination of the antioxidant capacity of some products 
with an optical  sensor35, however, in the electrochemical detection, it has always been combined with other 
composites such as multi-walled carbon nanotubes (MWCNT)36 or polyvinyl alcohol (PVA)37, etc. In this work, 
and for the first time in our knowledge, a high sensitive, eco-friendly and cost-effective phenol electrochemical 
sensor, based only on biosynthesized AgNPs-M modified GCE was developed.

Results and discussion
Silver nanoparticles characterizations. Silver nanoparticles formation. UV–visible analysis was em-
ployed to validate the synthesized silver NPs formation through the surface plasmon resonance (SPR). Herein, 
AgNPs were synthesized using five different plant leaves extracts. Plants biomaterials were used as reducers, sta-
bilizers and cappers. After 10 min, and after adding the different leaf extracts to the  AgNO3 solution, a modifica-
tion of the obtained mixture, which passes from the yellow color to the brown color, was observed, as a result of 
surface plasmon vibrations; this index indicates the production of AgNPs. The same color changes were obtained 
in other  works38,39. The active molecules present in the leaf extracts reduce the  Ag+ ions into Ag atoms. The NPs 
are then generated following the formation of clusters by the Ag atoms, and the biomolecules, present in the 
mixture, are responsible for their stabilization. Figure 1 illustrates the UV–visible spectrum of the leaf extracts of 
Eucalyptus, Melia, Ruta, Geranium and Basil (Fig. 1a), and the biosynthesized AgNPs (Fig. 1b). It can be seen that 
the UV–visible spectrum of all the leaf extracts have no absorption peak. However, after the addition of  AgNO3 
we obtained a strong absorption band at 405, 400, 415, 401, and 422 nm for the AgNPs synthesized from the 
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leaves of Eucalyptus, Melia, Ruta, Geranium, and Basil respectively, due to the excitation of the SPR of AgNPs. In 
this study, the synthesis of AgNPs is approved by UV–visible spectrum in the range of 400–422 nm which is the 
characteristic wavelength range of silver  nanoparticles40.

FTIR analysis. FTIR help us investigating the NPs functional groups and determining the biomolecules that 
lead to the formation of AgNPs. Figure 2 shows the FTIR spectrum of AgNPs synthesized from different leaf 
extracts. The large band at 2800–3500  cm−1 is attributed to the stretching vibration of N–H41. The bands observed 
between 1702 and 1730  cm−1, and 1570–1611  cm−1 are related respectively, to the –C=O group and amide I band 
of  protein42. Then, the two other bands between 1383 and 1447  cm−1 and 1023–1087  cm−1 are characteristic of 
the stretching vibrations of C–N, respectively, for aromatic and aliphatic amines. It has been shown previously 
that proteins can be linked to NPs via free amine groups or cysteine residues in proteins. This leads to the sugges-
tion that the protein could be the reducing and stabilizing agent of the  AgNPs43. Figure 3 shows the mechanism 
suggested for the biosynthesis of AgNPs using a leaf extract.

XRD analysis. XRD analysis was used to investigate the crystalline AgNPs structure. So, the vacuum-dried 
nanoparticles were reported to be elemental silver. As displayed in Fig. 4, the Bragg’s reflections showing (111), 
(200), (220), and (311) plans of FCC crystalline structure due to metallic silver, are presented at the range of 
38°–41°, 48°–51°, 65°–67°, and 72°–75°, respectively. The AgNPs average size was calculated using the Scherrer 
formula, as mentioned  elsewhere40. The size of the different types of NPs was around 40, 30, 50, 21, 26 nm for 
AgNPs-B, AgNPs-G, AgNPs-E, AgNPs-M, and AgNPs-R, respectively. It has been reported that the electrocata-
lytic activity of NPs is highly dependent on their size and their  morphology44,45. Besides, the presence of smaller 
nanoparticles could be beneficial for sensor development than the larger ones. Here, AgNPs-M is smaller in size 
than other types of nanoparticles like AgNPs-B, AgNPs-G, AgNPs-R, and AgNPs-E.

Figure 1.  UV–visible absorption spectra (normalized) of: (a) leaf extracts of Eucalyptus, Melia, Ruta, Geranium, 
and Basil; (b) biosynthesized AgNPs.
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In this perspective, AgNPs-M seems to be the most suitable for the electrochemical study, due to its small 
size, and hence its use in our following work.

Application of AgNPs‑M for the development of phenol sensors. Nanostructural properties: SEM 
and zeta sizer studies. EM analysis was utilized to identify the morphology and the size of stabilized AgNPs-M 
at several magnifications (100×, 1000×, 50,000× and 100,000×) (Fig. 5A–D). SEM results showed that AgNPs-M 
has spherical morphologies and 23 ± 3 nm as an average size, with a high percentage of nanoparticles (Fig. 5E). 
However, we can find some bigger NPs with a low percentage of about 15%, probably due to the agglomeration 
of small ones. In addition, the zeta potential results of green AgNPs indicate a negative value of − 13.1 mV, which 
indicates the good stability and the correct dispersion of AgNPs.

Furthermore, EDX analysis was employed to define the chemical composition of AgNPs-M. As shown in 
Fig. 5F, at 3 keV, we notice a high signal corresponding to elemental silver, confirming the AgNPs  presence46,47. 
Besides, O, K and Ca atoms signals, obtained due to the plant residues capping the AgNPs (Table 1).

Figure 2.  FTIR spectra of AgNPs biosynthesized using the leaf extracts of Eucalyptus, Melia, Ruta, Geranium, 
and Basil (with a shift of the transmittance axis for a 10% space between spectra for clarity of results).

Figure 3.  Proposed mechanism of the synthesis of AgNPs using plant extracts.
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After green AgNPs nanostructural properties investigation, precisely the size, the stability, and the chemical 
composition, the results prove their utility for the development of an AgNPs-M/GCE structure based phenol 
nanosensor, and this is the purpose of the next section.

Performances study of the AgNPs‑M/GCE based phenol sensor. The electrochemical properties of AgNPs-M 
synthesized from Melia extract were estimated by studying the electrochemical behavior of 10 µM of phenol 
(Fig. 6). As we can see in Fig. 7, the electrochemical determination of phenol on AgNP-M/GCE sensor in 0.1 M 
PBS (pH 7.0) by DPV technique and for a concentration range from 0.8 to 20 µM. The calibration curve is fol-
lowing the equation: I (µA) = 0.410 [phenol](µM) + 0.02 (R2 = 0.998).

We notice the high sensitivity, of about 0.410 A/M, of our developed sensor. The LOD was calculated accord-
ing to the equation: (3 × SDblank)/slope was 0.42 µM (n = 3). Table 2 shows several of the LODs mentioned in the 
literature. We can see that our obtained LOD is one of the lowest values.

Reproducibility, repeatability, and stability at AgNPs‑M/GCE. Reproducibility, repeatability, and stability are the 
main elements of sensor performance. Using three different similarly prepared electrodes and in 5 μM of phe-
nol, reproducibility was verified by DPV, showing an RSD of 3.18% (n = 3). Repeatability was tested through the 
response of 6 µM of phenol using the same electrode, three times in succession, showing an RSD of 5.49% (n = 3). 
The stability of our proposed sensor was estimated by conserving the electrode for four weeks and measuring the 
phenol twice a week. After this period, the sensor maintained 93.11% of its initial response for the determination 
of phenol, indicating good stability of AgNPs-M/GCE. The results obtained indicate the good reproducibility of 
our proposed sensor besides a good repeatability and long-term stability.

Selectivity of the developed sensor towards other phenolic compounds. To estimate the selec-
tivity of the developed phenol sensor towards other phenolic compounds (nanoplastics) such as bisphenol A 
(BPA) and catechol (CC), particularly for their detection in mineral water contained in plastic bottles, we have 
carried out their simultaneous analysis. The obtained results showed that the peak potential of phenol was quite 
stable with a slight decrease of the oxidation current peak by less than 10% in the presence of different concentra-
tions of BPA and CC. Therefore, our proposed simple, cost effective and eco-friendly nanosensor exhibits good 
selectivity for the determination of phenol with a potential opportunity of application for its fast analysis in the 
water contained in plastics bottles.

Practical applications in water analysis. To assess the response, in real applications, of the AgNPs-M/
GCE structure based phenol sensor, the presence of phenol was investigated in samples of tap and mineral 
waters. In this context, each of these real samples was prepared by adding 5 ml of water and 5 ml of PBS, then the 
determination was studied by DPV under optimized experimental conditions. The first test was without phenol, 
then we have added 5 and 8 µM of phenol to the water sample. Table 3 shows the recovery results which are about 
100% and 107.4%. These good results of our AgNPs-M/GCE based phenol nanosensor, showed that it is highly 
adequate for application in real water samples.

Conclusions
We have demonstrated, that the synthesis of AgNPs is possible by a simple and rapid biological route using vari-
ous extracts from the leaves of plants such as Basil, Geranium, Ruta, Eucalyptus, and Melia at room temperature. 
Biosynthesized nanomaterials have been well characterized by several techniques such as UV/visible, XRD and 

Figure 4.  XRD pattern of AgNPs biosynthesized using the leaf extracts of Eucalyptus, Melia, Ruta, Geranium, 
and Basil.
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FTIR spectroscopy, and electron microscopy (SEM and EDX), resulting that the silver nanoparticles synthesized 
from Melia azedarach leaves extract (AgNPs-M) have less size at about 23 ± 3 nm compared to the other types 
of nanoparticles, which would be interesting for electrochemical sensors activity. The AgNPs-M were used as 
catalysts in electroanalysis, and were drop-casted onto the surface of Glassy Carbon transducers to build a novel 
AgNPs/GCE modified nanosensor. This sensor was employed for determination of phenol, obtaining excel-
lent figures of merits concerning: high sensitivity, low LOD of 0.42 µM, good stability with a lifetime of about 
1 month and also a good selectivity towards other phenolic compounds with a deviation less than 10%, as well as 

Figure 5.  (A–D) SEM images of AgNPs-M at different magnifications: (A) ×100, (B) ×1000, (C) ×50,000, (D) 
×100,000, (E) a histogram with the size distribution of AgNPs-M, and (F) EDX images of AgNPs-M.

Table 1.  EDX elemental analysis of AgNPs-M.

Element Mass (%) Atom (%)

Ag L 56.81 27.84

Ca K 6.17 8.13

Au L 13.48 3.62

O K 14.64 48.37

K K 8.90 12.03
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Figure 6.  DPV voltammogram recorded at AgNPs-M/GCE for 0 µM and 10 µM of phenol concentrations.
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Figure 7.  (a) DPV voltammogram recorded at AgNPs-M/GCE for increasing phenol concentrations (0.8, 2, 5, 
6, 7, 9, 10, 15 and 20 µM) in PBS (0.1 M, pH 7.0), at the pulse time of 100 ms, pulse amplitude of 100 mV and at 
the scan rate of 60 mV  s−1; (b) corresponding calibration curve.
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repeatable and reproducible results with an RSD of 5.49% and 3.18% respectively, thanks to the green AgNPs as 
cost-effective nanomaterials. Besides, our proposed nanosensor has been employed successfully for phenol deter-
mination in tap and mineral water samples showing a good recovery percentage values between 100 and 107.4%.

We think that our results provide an exciting perspective for sustainable large-scale nanoplastics sensors pro-
duction by glassy carbon electrode surface engineering using green nanoparticles for water quality monitoring.

Methods
Materials. The plants such as Basil, Geranium, Eucalyptus, Melia, and Ruta were gathered from the ISA-CM 
(Tunisia). AgNO3 was purchased from Sigma-Aldrich, Germany. Phenol, bisphenol A (BPA), and catechol were 
obtained from Sigma-Aldrich. Dipotassium phosphate  (K2HPO4) and monopotassium phosphate  (KH2PO4) 
from Merck (Germany), were utilized in the preparation of the phosphate buffer solution (PBS).

Declaration statement. We declare that the collection of plant material is in accordance with relevant 
institutional, national and international guidelines and legislation.

Preparation of plant leaf extracts. The plant leaves were collected and washed multiple times to elimi-
nate all dirt particles. The cleaned leaves were parched for 12 h in an oven at 60 °C temperature and then pow-
dered (Fig. 8). An amount of 2 g of this powder was mixed, for 5 min, with 50 ml of boiling water. Finally, the 
obtained solution was spun 15 min, at 5000 rpm, in a centrifuge, filtered using filter paper, and then stocked in 
refrigerator at 4 °C for future experiences.

Green synthesis of AgNPs. The synthesis procedure was explained in our previous  work40. A volume of 
10 ml of 0.025 M  AgNO3 solution was mixed with 40 ml of each aqueous plant extract. Before being filtered and 
dried, the mixed solution was put to heat for 10 min at 40 °C, and as evidence of the creation of AgNPs, we can 
see a deviation from yellow to brown. Finally, the obtained NPs were stored for further experiments.

Instrumentation. The synthesized silver nanoparticles formation, was assured using UV–visible spectros-
copy. Their optical properties were done using UV–Vis spectrophotometer Unico S-2150, from 200 to 800 nm, 
with 1 nm resolution.

The FTIR Spectrometer (Perkin Elmer Spectrum 100) was used at resolutions of 4  cm−1, between 4000 and 
500  cm−1.

The size and crystalline structure of biosynthesized AgNPs were studied using XRD analysis by a Panalatical 
X’pert PRO diffractometer (PXRD) using CuKα radiation (λ = 1.54 nm) with the scanning 2θ angle in the range 
of 30°–80° at room temperature.

Table 2.  Comparison of the performance of our proposed sensor with other phenol sensors. rGO reduced 
graphene oxide, ZnO zinc oxide, MWCNT Multiwall carbon nanotube, SWV Square wave voltammetry, 
a‑MWCNT acidified multiwalled carbon nanotube, CV Cyclic voltammetry, CTAB Cetyl trimethyl ammonium 
bromide, SPE Screen-printed electrode, Au/CeO2 Gold–cerium oxide, g‑C3N4 graphite-carbon nitride, CP 
Carbon paper, MnO2 Manganese dioxide, SPCE Screen-printed carbon electrode.

Electrode material Electroanalytical technique Linear range (μM) Limit of detection (μM) Refs.

Poly(zincon) electrode DPV
21–292

9 48

357–922

rGO–ZnO NPs DPV 2–15
  15–40 1.94 49

AgNP/MWCNT/GCE SWV 2.4–152 3 50

Ni/a-MWCNT/GCE CV 10–480 7.07 51

Zincon–CTAB composite/SPE DPV 0–300 2.2 52

Au/CeO2/g-C3N4/CP CV 10–90 2.3 53

MnO2/SPCE Chronoamperom 10–1000 6.7 54

AgNPs/GCE DPV 0.8–20 0.42 This work

Table 3.  Recovery percentages and errors obtained after the determination of phenol in tap and mineral water 
samples. *n = 3.

Samples Added (μM) Found (μM) Recovery (%) *RSD (%)

Mineral water
5 5.37 107.4 7

8 8.47 105.8 6

Tap water
5 5.08 100 5.73

8 8.23 103 4.91
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The morphologies and the average size of the AgNPs-M were obtained using a high-resolution FEI Q250 
Thermo-Fisher ESEM with 2.9 nm resolution at 30 kV.

EDX was utilized to study the composition of the AgNPs-M. The detector EDX was bound with the SEM 
instrument.

Fabrication of AgNPs‑M/GCE based phenol sensor. The fabrication of our electrochemical sensor 
based on GCE modified with synthesized silver nanoparticles from a Melia leaf extract (AgNPs-M/GCE), has 
been carried out by casting 8 µl of AgNPs-M onto the clean surface of GCE (Fig. 9). Then, the prepared AgNPs-
M/GCE was dried in darkness at ambient temperature for 24 h.

Electrochemical measurements. The EC measurements were performed, by gradually raising the phe-
nol concentration in the PBS solution, in an electrochemical cell containing three electrodes, the working elec-
trode is GCE, the counter electrode is made of Pt, and the reference electrode is Ag/AgCl.

The electroanalytical technique used is the differential pulse voltammetry (DPV) in the potential range of 
0.1–0.9 V and as parameters we have the PT of 100 ms, SS of 60 mV  s−1, PA of 100 mV.

Received: 27 April 2021; Accepted: 20 October 2021

Figure 8.  Plants used in the synthesis of AgNPs.

Figure 9.  The fabrication process of AgNPs-M/GCE sensor.



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22060  | https://doi.org/10.1038/s41598-021-01609-4

www.nature.com/scientificreports/

References
 1. Bao, Y. et al. Plant-extract-mediated synthesis of metal nanoparticles. J. Chem. 1–4, 6562687 (2021).
 2. Mohanpuria, P., Rana, N. K. & Yadav, S. K. Biosynthesis of nanoparticles: Technological concepts and future applications. J. Nano‑

part. Res. 10, 507–517 (2008).
 3. Parashar, U. K., Saxena, P. S. & Srivastava, A. Bioinspired synthesis of silver nanoparticles. Digest J. Nanomater. Biostruct. (DJNB) 

4, 159–166 (2009).
 4. Tiwari, D. K., Behari, J. & Sen, P. Time and dose-dependent antimicrobial potential of Ag nanoparticles synthesized by top-down 

approach. Curr. Sci. 95, 647–655 (2008).
 5. Wang, Y. & Xia, Y. Bottom-up and top-down approaches to the synthesis of monodispersed spherical colloids of low melting-point 

metals. Nano Lett. 4, 2047–2050 (2004).
 6. Parashar, V., Parashar, R., Sharma, B. & Pandey, A. C. Parthenium leaf extract mediated synthesis of silver nanoparticles: A novel 

approach towards weed utilization. Digest J. Nanomater. Biostruct. (DJNB) 4, 45–50 (2009).
 7. Gouda, M., Aljaafari, A. & Al-Omair, M. A. Functional electrospun cellulosic nanofiber mats for antibacterial bandages. Fibers 

Polym. 18, 2379–2386 (2017).
 8. Ahmed, H. B., Abdel-Mohsen, A. M. & Emam, H. E. Green-assisted tool for nanogold synthesis based on alginate as a biological 

macromolecule. RSC Adv. 6, 73974–73985 (2016).
 9. Ahmed, H. B., Zahran, M. K. & Emam, H. E. Heatless synthesis of well dispersible Au nanoparticles using pectin biopolymer. Int. 

J. Biol. Macromol. 91, 208–219 (2016).
 10. Emam, H. E. & Ahmed, H. B. Carboxymethyl cellulose macromolecules as generator of anisotropic nanogold for catalytic perfor-

mance. Int. J. Biol. Macromol. 111, 999–1009 (2018).
 11. Ahmed, H. B. & Emam, H. E. Synergistic catalysis of monometallic (Ag, Au, Pd) and bimetallic (AgAu, AuPd) versus Trimetallic 

(Ag–Au–Pd) nanostructures effloresced via analogical techniques. J. Mol. Liquids 287, 110975 (2019).
 12. Emam, H. E., Saad, N. M., Abdallah, A. E. & Ahmed, H. B. Acacia gum versus pectin in fabrication of catalytically active palladium 

nanoparticles for dye discoloration. Int. J. Biol. Macromol. 156, 829–840 (2020).
 13. Garibo, D. et al. Green synthesis of silver nanoparticles using Lysiloma acapulcensis exhibit high-antimicrobial activity. Sci. Rep. 

10, 12805 (2020).
 14. Ghotekar, S., Pansambal, S., Bilal, M., Pingale, S. S. & Oza, R. Environmentally friendly synthesis of  Cr2O3 nanoparticles: Charac-

terization, applications and future perspective—A review. Case Stud. Chem. Environ. Eng. 3, 100089 (2021).
 15. Ghotekar, S. A review on plant extract mediated biogenic synthesis of CdO nanoparticles and their recent applications. Asian J. 

Green Chem. 3, 187–200 (2019).
 16. Bangale, S. & Ghotekar, S. Bio-fabrication of silver nanoparticles using Rosa chinensis L. extract for antibacterial activities. Int. J. 

Nano Dimension 10, 217–224 (2019).
 17. Ghotekar, S. et al. Biological activities of biogenically synthesized fluorescent silver nanoparticles using Acanthospermum hispidum 

leaves extract. SN Appl. Sci. 1, 1–12 (2019).
 18. Singh, P., Kim, Y.-J., Zhang, D. & Yang, D.-C. Biological synthesis of nanoparticles from plants and microorganisms. Trends Bio‑

technol. 34, 588–599 (2016).
 19. Zhang, X., Yan, S., Tyagi, R. D. & Surampalli, R. Y. Synthesis of nanoparticles by microorganisms and their application in enhancing 

microbiological reaction rates. Chemosphere 82, 489–494 (2011).
 20. Geraldes, A. N. et al. Green nanotechnology from plant extracts: Synthesis and characterization of gold nanoparticles. Adv. Nano‑

part. 5, 176 (2016).
 21. Raveendran, P., Fu, J. & Wallen, S. L. Completely, “green” synthesis and stabilization of metal nanoparticles. J. Am. Chem. Soc. 125, 

13940–13941 (2003).
 22. Guix, M. et al. Structural characterization by confocal laser scanning microscopy and electrochemical study of multi-walled carbon 

nanotube tyrosinase matrix for phenol detection. Analyst 135, 1918–1925 (2010).
 23. Carmona, E. R., Benito, N., Plaza, T. & Recio-Sánchez, G. Green synthesis of silver nanoparticles by using leaf extracts from the 

endemic Buddleja globosa hope. Green Chem. Lett. Rev. 10, 250–256 (2017).
 24. El Shafey, A. M. Green synthesis of metal and metal oxide nanoparticles from plant leaf extracts and their applications: A review. 

Green Process. Synthesis 9, 304–339 (2020).
 25. Maallah, R., Moutcine, A., Laghlimi, C., Smaini, M. A. & Chtaini, A. Electrochemical bio-sensor for degradation of phenol in the 

environment. Sens. Bio‑Sens. Res. 24, 100279 (2019).
 26. Beitollahi, H., Tajik, S. & Biparva, P. Electrochemical determination of sulfite and phenol using a carbon paste electrode modified 

with ionic liquids and graphene nanosheets: Application to determination of sulfite and phenol in real samples. Measurement 56, 
170–177 (2014).

 27. Edition, F. Guidelines for drinking-water quality. WHO Chronicle 38, 104–108 (2011).
 28. Zain, N. N. M., Bakar, N. A., Mohamad, S. & Saleh, N. M. Optimization of a greener method for removal phenol species by cloud 

point extraction and spectrophotometry. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 118, 1121–1128 (2014).
 29. Zhou, X., Kramer, J. P., Calafat, A. M. & Ye, X. Automated on-line column-switching high performance liquid chromatography 

isotope dilution tandem mass spectrometry method for the quantification of bisphenol A, bisphenol F, bisphenol S, and 11 other 
phenols in urine. J. Chromatogr. B 944, 152–156 (2014).

 30. Hofmann, T., Nebehaj, E. & Albert, L. The high-performance liquid chromatography/multistage electrospray mass spectrometric 
investigation and extraction optimization of beech (Fagus sylvatica L.) bark polyphenols. J. Chromatogr. a 1393, 96–105 (2015).

 31. Gao, G. & Vecitis, C. D. Electrocatalysis aqueous phenol with carbon nanotubes networks as anodes: Electrodes passivation and 
regeneration and prevention. Electrochim. Acta 98, 131–138 (2013).

 32. Karim, M. N. & Lee, H. J. Amperometric phenol biosensor based on covalent immobilization of tyrosinase on Au nanoparticle 
modified screen printed carbon electrodes. Talanta 116, 991–996 (2013).

 33. Abbas, W. et al. Facilely green synthesis of 3D nano-pyramids Cu/Carbon hybrid sensor electrode materials for simultaneous 
monitoring of phenolic compounds. Sens. Actuators B Chem. 282, 617–625 (2019).

 34. Jebril, S., Cubillana-Aguilera, L., Palacios-Santander, J. M. & Dridi, C. A novel electrochemical sensor modified with green gold 
sononanoparticles and carbon black nanocomposite for bisphenol A detection. Mater. Sci. Eng. B 264, 114951 (2021).

 35. Özyürek, M., Güngör, N., Baki, S., Güçlü, K. & Apak, R. Development of a silver nanoparticle-based method for the antioxidant 
capacity measurement of polyphenols. Anal. Chem. 84, 8052–8059 (2012).

 36. Goulart, L. A., Gonçalves, R., Correa, A. A., Pereira, E. C. & Mascaro, L. H. Synergic effect of silver nanoparticles and carbon 
nanotubes on the simultaneous voltammetric determination of hydroquinone, catechol, bisphenol A and phenol. Microchim. Acta 
185, 1–9 (2018).

 37. Teerasong, S., Jinnarak, A., Chaneam, S., Wilairat, P. & Nacapricha, D. Poly (vinyl alcohol) capped silver nanoparticles for anti-
oxidant assay based on seed-mediated nanoparticle growth. Talanta 170, 193–198 (2017).

 38. Banerjee, P., Satapathy, M., Mukhopahayay, A. & Das, P. Leaf extract mediated green synthesis of silver nanoparticles from widely 
available Indian plants: Synthesis, characterization, antimicrobial property and toxicity analysis. Bioresour. Bioprocess. 1, 3 (2014).

 39. Philip, D. & Unni, C. Extracellular biosynthesis of gold and silver nanoparticles using Krishna tulsi (Ocimum sanctum) leaf. Physica 
E 43, 1318–1322 (2011).



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:22060  | https://doi.org/10.1038/s41598-021-01609-4

www.nature.com/scientificreports/

 40. Jebril, S., Jenana, R. K. B. & Dridi, C. Green synthesis of silver nanoparticles using Melia azedarach leaf extract and their antifungal 
activities: In vitro and in vivo. Mater. Chem. Phys. 248, 122898 (2020).

 41. Valodkar, M. et al. Euphorbiaceae latex induced green synthesis of non-cytotoxic metallic nanoparticle solutions: A rational 
approach to antimicrobial applications. Colloids Surf. A 384, 337–344 (2011).

 42. Dong, A. C., Huang, P., Caughey, B. & Caughey, W. S. Infrared analysis of ligand-and oxidation-induced conformational changes 
in hemoglobins and myoglobins. Arch. Biochem. Biophys. 316, 893–898 (1995).

 43. Gole, A. et al. Pepsin-gold colloid conjugates: Preparation, characterization, and enzymatic activity. Langmuir 17, 1674–1679 
(2001).

 44. Cai, Z. et al. Morphology-dependent electrochemical sensing properties of iron oxide–graphene oxide nanohybrids for dopamine 
and uric acid. Nanomaterials 9, 835 (2019).

 45. Song, T. et al. Shape-controlled PdSn alloy as superior electrocatalysts for alcohol oxidation reactions. J. Taiwan Inst. Chem. Eng. 
101, 167–176 (2019).

 46. Okuda, M. et al. Self-organized inorganic nanoparticle arrays on protein lattices. Nano Lett. 5, 991–993 (2005).
 47. Dai, J. & Bruening, M. L. Catalytic nanoparticles formed by reduction of metal ions in multilayered polyelectrolyte films. Nano 

Lett. 2, 497–501 (2002).
 48. Qin, W., Liu, X., Chen, H. & Yang, J. Amperometric sensors for detection of phenol in oilfield wastewater using electrochemical 

polymerization of zincon film. Anal. Methods 6, 5734–5740 (2014).
 49. Sha, R., Puttapati, S. K., Srikanth, V. V. & Badhulika, S. Ultra-sensitive phenol sensor based on overcoming surface fouling of 

reduced graphene oxide-zinc oxide composite electrode. J. Electroanal. Chem. 785, 26–32 (2017).
 50. Goulart, L. A., Gonçalves, R., Correa, A. A., Pereira, E. C. & Mascaro, L. H. Synergic effect of silver nanoparticles and carbon 

nanotubes on the simultaneous voltammetric determination of hydroquinone, catechol, bisphenol A and phenol. Microchim Acta 
185, 12 (2017).

 51. Wang, Y. et al. Ni nanoparticle anchored on MWCNT as a novel electrochemical sensor for detection of phenol. NANO 13, 1850134 
(2018).

 52. Hosseini Aliabadi, M., Esmaeili, N. & Samari Jahromi, H. An electrochemical composite sensor for phenol detection in waste 
water. Appl. Nanosci. 10, 597–609 (2020).

 53. Yin, H. Y., Zheng, Y. F. & Wang, L. Au/CeO2/g-C3N4 nanocomposite modified electrode as electrochemical sensor for the deter-
mination of phenol. J. Nanosci. Nanotechnol. 20, 5539–5545 (2020).

 54. Chio, R. D. et al. Development of a  MnO2-modified screen-printed electrode for phenol monitoring. IEEE Trans. Instrum. Meas. 
70, 1–9 (2021).

Acknowledgements
This work was supported by the Tunisian MHESR. The authors would like to thank Dr. Raoudha Khanfir-Ben 
Jenana of the High Agronomic Institute of Chott Mariem, University of Sousse, Tunisia, for providing us the 
plants which used in the synthesis process.

Author contributions
C.D. conceived the ideas. C.D and S.J. designed study and analyzed the data, S.J. and A. F did the investigations 
and data curation, S. J. and A.F. writing—original draft, C.D. did the final revision, the supervision of whole work 
and directed the research. All authors have read and approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nanoengineering of eco-friendly silver nanoparticles using five different plant extracts and development of cost-effective phenol nanosensor
	Results and discussion
	Silver nanoparticles characterizations. 
	Silver nanoparticles formation. 
	FTIR analysis. 
	XRD analysis. 

	Application of AgNPs-M for the development of phenol sensors. 
	Nanostructural properties: SEM and zeta sizer studies. 
	Performances study of the AgNPs-MGCE based phenol sensor. 
	Reproducibility, repeatability, and stability at AgNPs-MGCE. 

	Selectivity of the developed sensor towards other phenolic compounds. 
	Practical applications in water analysis. 

	Conclusions
	Methods
	Materials. 
	Declaration statement. 
	Preparation of plant leaf extracts. 
	Green synthesis of AgNPs. 
	Instrumentation. 
	Fabrication of AgNPs-MGCE based phenol sensor. 
	Electrochemical measurements. 

	References
	Acknowledgements


