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The present study demonstrated the in vitro embryotoxicity assessment of gold nanoparticles (AuNPs)
and copper nanoparticles (CuNPs) prepared from the leaves extract of Angelica keiskei (Miq.) Koidz.
and addressed their mode of antibacterial mechanisms. Both AuNPs and CuNPs were rapidly synthesized
and the formations were observed within 1 h and 24 h, respectively. Further the morphological images of
the nanoparticles were confirmed through transmission electron microscopy (TEM), field emission scan-
ning electron microscopy (FE-SEM) and atomic force microscopy (AFM). The high-resolution X-ray
diffraction (HR-XRD) analysis of the biosynthesized AuNPs and CuNPs were matched with joint commit-
tee on powder diffraction standards (JCPDS) file no of 04-0784 and 89-5899, respectively. A strong promi-
nent Au and Cu signals were observed through energy dispersive spectroscopy (EDS) analysis. Fourier
transform infrared spectroscopy (FT-IR) analysis confirmed the responsible phytochemicals for the syn-
thesis of AuNPs and CuNPs. In order to assess the toxic effects of AuNPs and CuNPs, bactericidal activity
was performed against few of the test pathogens in which the effective inhibition was observed against
Gram-negative bacteria than the Gram-positive bacteria. The mode of action and interaction of nanopar-
ticles were performed on the bacterial pathogens and the results concluded that the interaction of
nanoparticles initially initiated on the surface of the cell wall adherence followed by ruptured the cells
and caused the cell death. In addition to the antibacterial activity, in vitro embryotoxicity studies were
performed against zebrafish embryos and the results confirmed that 200 mg/ml concentration of AuNPs
showed the embryotoxicity, whereas 2 mg/ml of CuNPs resulted the embryotoxicity. Furthermore, the
morphological anomalies of zebrafish embryos revealed the toxic nature of the synthesized
nanoparticles.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Angelica keiskei (Miq.) Koidz. (Umbelliferae) plant has been tra-
ditionally used as a diuretic, mild cathartic, tonic and galactagogue
(Kimura and Baba, 2003). It is also been used as medicine to treat
dyschezia, dysgalactia and act to restore vitality (Kil et al., 2017).
Commonly, this herb is called as ‘Tomorrow’s Leaf (Baba et al.,
1998) and distributed widely in Asian countries (Park, 2013). The
plant parts of Angelica keiskei (Miq.) Koidz. were widely used for
the food time which serves as a juice and also used for the deep
frying (Imai and Imai, 2008), flour (Bao, 2014), wine (Su, 2014),
making tea (Liu et al., 2014), and cosmetics (Ku et al., 2014). Cur-
rently, the synthesis of Au, Cu, Ag, Se, ZnO and other metal
nanoparticles synthesized using the plant leaves extract became
rapid and simple process and there is a multiple research work
focused on the synthesis of metal nanoparticles such as Au
(Krishnaraj et al., 2019), Cu (Ghosh et al., 2020), Ag (Krishnaraj
et al., 2010), Se (Cittrarasu et al., 2021) and ZnO (Ogunyemi
et al., 2019). Among these, biologically synthesized AuNPs and
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CuNPs are playing a tremendous role because of their wide appli-
cations in biological field (Botteon et al., 2021; Bukhari et al.,
2021).

In general, the green synthesis of metal nanoparticles using the
plant leaves extract is a non-toxic approach with inexpensive pro-
cess, having the better antibacterial activity compared to any other
chemical compound (Yasmin et al., 2014). In order to synthesize
high antibacterial activity of nanoparticles without using any toxic
chemicals, in this work AuNPs and CuNPs were synthesized using
Angelica keiskei (Miq.) Koidz. leaves. Furthermore, AuNPs have
received highest interest in research (Schaffler et al., 2014) com-
pared to other metal nanoparticles synthesized from the plant
leaves extract. Recently, Anbu et al. (2020) produced 15 nm sizes
of AuNPs using Platycodon grandiflorum leaves extract and evalu-
ated their antibacterial potential. Similarly, AuNPs had been syn-
thesized from many plant sources like Coleus amboinicus
(Narayanan and Sakthivel, 2010) and Vitex negundo (Veena et al.,
2019). In our previous report, we have also synthesized 5–50 nm
sizes of AuNPs with anisotropic morphology using Spinacia oleracea
Linn., leaves extract and evaluated their anticancer activity against
mouse myoblast cancer cells (C2C12) (Ramachandran et al., 2017).
Biologically synthesized AuNPs having the strong antimicrobial
activity, which enables the electrostatic interaction between the
nanoparticles and the surface charge of the bacterial cell wall
resulting in membrane distortion, leads to membrane permeabil-
ity, electron transport, osmoregulation and cell death (Rashmi
et al., 2020; Henriquez et al., 2020).

In addition, Cu is acting as a co-factor for enzyme as well as
metalloproteins at a low concentration but the increasing concen-
trations acting as a prominent antibacterial agent by enabling the
stop of some important protein functional groups, generating the
free radicals, inactivation of essential enzymes and causing the
changes in membrane integrity (Abdullah et al., 2018;
Rajeshkumar et al., 2019). Recently, few reports demonstrate that
the antibacterial activity of CuNPs was due to the accumulation
of Cu on the bacterial membrane, cytoplasm and enzymes and
thereby proteins and ions release from the cells (Vincent et al.,
2016).

Currently, the wide spread uses of AuNPs and CuNPs into
biomedical applications were increased because of their potent
antimicrobial as well as antioxidant activities (Milanezi et al.,
2019; Usman et al., 2013). In addition, there are a number of con-
sumer products introduced into the market with the engineered
nanoparticles (Gulson et al., 2010), without knowing the potential
risk to the biological systems including human. So, there is a pos-
sible chance of leaching the nanoparticles from the end user
products due to their smallness in size during or after the usage
into the environment, resulting into a serious threat to biotic
organisms in the ecosystems (Navarro et al., 2018; Krishnaraj
et al., 2012). Hence, there is an urgent need to take the proper
mitigation of control measures to assess the toxicity of nanopar-
ticles as well as avoiding their leaching properties into the
ecosystem is advisable. There are number of publications world-
wide have assessed AuNPs toxicity using the zebrafish embryos
(Ramachandran et al., 2017). Very interestingly, few studies
reported that biologically synthesized nanoparticles had less tox-
icity than the chemical synthesis of nanoparticles using embry-
onic zebrafish (Aerle et al., 2013; Xia et al., 2016). Also, few
researches focused on the assessment of toxicity using plant
leaves extract based synthesis of silver nanoparticles on adult
zebrafish (Krishnaraj et al., 2016). But, to the best of our knowl-
edge, none of the reports exist on the Angelica keiskei (Miq.)
Koidz. leaves extract based synthesis of AuNPs and CuNPs and
their comparative antibacterial mechanisms as well as assess-
ment of in vitro embryotoxicity from zebrafish.
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2. Materials and methods

The leaves of Angelica keiskei were picked from inside the cam-
pus of Jeonbuk National University, Jeonju, South Korea. The chem-
icals like Gold (III) chloride trihydrate (HAuCl4�3H2O), Copper (II)
sulfate pentahydrate (CuSO4�5H2O), Methyl thiazolyl diphenyl-
tetrazolium bromide (MTT) were procured from Sigma Aldrich.
Gram-positive bacterial culture of Bacillus cereus (ATCC 14579) Sta-
phylococcus aureus (KCTC 1927) and Gram-negative bacterial cul-
ture of Escherichia coli (KCCM 11234) and Salmonella typhimurium
(ATCC 14028) were procured from American Type Culture Collec-
tion and Korean Culture Centre of Microorganisms (KCCM).
2.1. Synthesis of nanoparticles

The known quantity (10 g) of Angelica keiskei healthy leaves
thoroughly washed with running tap water followed by cleaned
with Distilled water (D�H2O) several times to remove any
unwanted dirt and other materials from the leaves. The cleaned
leaves were further boiled in D�H2O (100 ml) in an oven of about
5 min and filtered using Whatman filter paper. Further the 12 ml
of the extract added with 38 ml of D�H2O along with 1 mMHAuCl4-
�3H2O solution was added slowly and kept in dark for AuNPs for-
mation. Similarly, 12 ml of extract mixed with 38 ml of D�H2O
and 10 mM CuSO4�5H2O was added slowly into the reaction mix-
ture for CuNPs formation. Further the reaction mixture for CuNPs
was kept in a shaker at 120 rotated per minute (rpm) speed and
the periodic aliquots of the samples were collected for UV–Vis.
spectroscopic study. Leaves extract alone maintained throughout
the experiment as control setup.
2.2. Optimization of reaction mixtures for nanoparticles formation

The AuNPs and the CuNPs were synthesized from leaves extract
of Angelica keiskei and the multiple parameters like pH (6–10), con-
centration of substrate for AuNPs (1–3 mM) and CuNPs (10–
30 mM), concentration of leaves extract (6 ml + 44 ml extract;
12 ml + 38 ml extract; 18 ml + 32 ml extract) were optimized in
the reaction solution through UV–Vis spectrophotometer for a
rapid and controlled synthesis of nanoparticle.
2.3. Nanoparticles characterization

Synthesized nanoparticles were purified through high speed
ultracentrifugation at 15,000 rpm for 20 min and the supernatants
were discarded. Then the pellets were dissolved in 1 ml of deion-
ized water and the resulting aliquots containing nanoparticles
were used for various characterization techniques like TEM, AFM,
FE-SEM and EDS analyses. Twenty-five ml of the aliquots containing
AuNPs and CuNPs were fixed on a grid of TEM and captured the
images through TEM (Hitachi H-7650) and the dried samples were
surface coated on carbon tape and observed through FE-SEM (Carl
Zeiss SUPRA40VP). The presence of metals in the aliquots were
observed through EDS analysis (Carl Zeiss SUPRA40VP). In addi-
tion, the size, surface topography and 3D images of the synthesized
nanoparticles were confirmed through AFM (Bruker Multimode 8).
Further, the AuNPs and CuNPs reaction aliquots were freeze dried
(Model No: MCF D8512). The obtained powders of AuNPs and
CuNPs were dissolved in D�H2O (1 mg/ml conc.) and used for
antibacterial mechanisms as well as embryotoxicity assessment
studies. Then the dried powders were further subjected to glass
slide coating for HR-XRD (Bruker D8 Advance) and KBr pelletizer
method for FT-IR analysis (Perkin Elmer model).
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2.4. Antibacterial activity against Gram-positive and Gram-negative
bacteria

The AuNPs and CuNPs were tested for their antibacterial activ-
ity against the pathogens.

2.4.1. Well diffusion assay
The test bacterial strains of Gram-positive Bacillus cereus, Sta-

phylococcus aureus and the Gram-negative Escherichia coli, Sal-
monella typhimurium were grown in nutrient broth. Then the
nutrient agar plates were prepared and the spread plate techniques
were followed. Using the sterile cork borer 6 wells were made into
agar plates and each well were filled with sterile D�H2O (control)
and 40 mg/ 40 ml conc. of plant extract, HAuCl4�3H2O, AuNPs,
CuSO4�5H2O and CuNPs and incubated the plates at 37 ± 2 �C for
12–24 h.

2.4.2. Bactericidal kinetic study
One ml of the test bacterial cultures was aseptically transferred

into 100 ml of the sterile (Muller Hinton Broth) MHB in 250 ml
flasks and 1 ml of 1 mM conc. of AuCl4�3H2O followed by 1 mg/
ml conc. of AuNPs, CuNPs, plant extract and 1 ml of 10 mM conc.
of CuSO4�5H2O, positive control (media alone without bacteria)
and negative control (bacteria alone without treatment) were inoc-
ulated separately into the broths. The setup was kept at 37 �C
under shaking condition with a speed of 120 rpm and the readings
were noted at every 4 h intervals at 600 nm for up to 24 h.

2.4.3. Minimum inhibitory concentration
The MIC of AuNPs and CuNPs were studied using the standard

published protocol of 96 well plate (SPL Life sciences, Korea) with
a little modification (Krishnaraj et al., 2010). Briefly, 100 ml of the
nutrient broth medium added into suitable well in a 96 well plate
followed by 40 mg/40 ml conc. of HAuCl4�3H2O, AuNPs, CuSO4�5H2O
and CuNPs were added into first well of each column followed by
serial dilutions were made up to 12 wells in a row and discarded
the final solutions. One hundred ml of the test pathogens were inoc-
ulated into each well and incubated at 37 �C for 12 h. Finally, 5 ml of
0.5% MTT solution was added to each well and the readings were
noted using ELISA reader at OD595.

2.4.4. Antibacterial mechanisms of nanoparticles
The log phase cultures of the test bacterial pathogens (10 ml)

were centrifuged using high speed ultracentrifugation at
6000 rpm for 10 min and the pellets collected. Further the pellets
containing bacteria was dissolved in sterile D�H2O and 5 ml of
these suspensions were mixed with 1 ml of AuNPs and CuNPs sep-
arately for each organism and incubated at 37 �C for 8 h. Finally,
the reaction solutions were placed in TEM grid and allowed to air
dry and observed under Bio-TEM.

2.5. Assessment of embryotoxicity using zebrafish

The toxic effect of biologically synthesized AuNPs and CuNPs
were assessed through Fish Embryo Acute Toxicity (FET) test in
accordance with OECD test guideline 236, using zebrafish embryos
(Lammer et al., 2009). Briefly, the average weight (0.3 ± 0.02 g) and
length (24 ± 0.2 mm) of both sexes of zebrafish were used. The
commercially purchased artemia were given as feed twice in a
day and maintained the fishes in an aquarium of 14 h:10 h light
dark cycle for 21 days at a temperature of 28 ± 1 �C and used for
breeding the embryo. The breeding chamber containing 1:1 ratio
of male and female was kept separately with a divider and suffi-
cient water maintained under static condition in an aquarium
before the light switched off in the evening. Further the divider
was removed immediately after the light on in the morning and
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allowed for breeding. The settled embryos on the bottom of the
breeding chamber were further transferred into E3 medium (D�H2-
O with 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl, 0.33 mM MgSO4)
(Cassar et al., 2019) and incubated at 28.5 �C for 3 h post fertiliza-
tion (hpf). Further the freshly laid healthy zebrafish embryos were
transferred into 24-well plate along with 2 ml of E3 medium. Five
concentration of HAuCl4�3H2O (1 to 20 mg/ml), AuNPs (50 to
250 mg/ml), CuSO4�5H2O and CuNPs (1 to 5 mg/ml) were loaded
to the wells and incubated at 28.5 �C for 72 h. Control embryos
were maintained without having any treatment and the tests were
performed thrice. The hatching rate as well as mortality and mal-
formations were noted using stereomicroscope. Further the rate
of mortality was noted and displayed as the number of dead
embryos after 72 hpf. In addition, the morphological anomalies like
yolk sac edema, delayed development, mal formation in tail, chor-
ion with debris and lack of movement was observed at 24 hpf.

2.6. Statistical analysis

All the experiments were conducted in triplicate and the data
were presented in terms of average value ± standard deviation.
3. Results

3.1. Nanoparticles formation

Twelve ml of the extract along with 38 ml of D�H2O and 1 mM
HAuCl4�3H2O at pH 8 was found to be suitable for rapid synthesis
of AuNPs. The characteristic absorption peak of 540 nm was
observed within 1 h through UV–Vis spectrum (Fig. 1) and the for-
mation was physically confirmed by change in color of the aqueous
extract medium into pinkish violet color (Supplementary Fig. S1a).
Similarly, 12 ml of the extract along with 38 ml of D�H2O and
10 mM CuSO4�5H2O at pH 7 and 8 was found to be suitable for
rapid synthesis of CuNPs. The characteristic absorption peak of
327 nm was observed within 24 h through UV–Vis spectrum
(Fig. 2) and the formation was physically confirmed by change in
color of the aqueous extract medium into green color (Supplemen-
tary Fig. S1b). In addition, the control setup (leaves extract) did not
show any color change (Supplementary Fig. S1c).

3.2. Instrumentation techniques used for characterizing the
nanoparticles

TEM and FE-SEM studies confirmed the presence of polydis-
perse AuNPs and CuNPs. The size of the synthesized AuNPs were
observed around 20 to 40 nm with a spherical and triangular in
shapes (Fig. 3a & b) and the spherical shape with an average size
of 20 to 60 nm were observed for CuNPs (Fig. 3d & e). A strong
prominent signal for Au (Fig. 3c) and Cu (Fig. 3f) in the reaction
solution was achieved through EDS spectrum. The morphological
topography and the 3D images of the synthesized AuNPs (Fig. 4a,
b) and CuNPs (Fig. 4c, d) were studied through AFM and the results
confirmed the presence of polydisperse nanoparticles with an
average size of 40 nm for AuNPs and 56 nm for CuNPs. The crys-
talline phase of the synthesized AuNPs and CuNPs were achieved
through HR-XRD analyses. Fig. 5a shows the HR-XRD analysis of
polycrystalline nature of the synthesized AuNPs which illustrates
the fcc of the planes indexed to (111), (200), (220) and (311)
matched with JCPDS file No.04-0784. Fig. 5b shows the HR-XRD
pattern of synthesized CuNPs illustrates the characteristic diffrac-
tion planes indexed to (110), (111), (220), (800) and (713) of
fcc matched with JCPDS file No. 89-5899. The bio reduced AuNPs
and CuNPs using the aqueous leaves extract of Angelica keiskei
were further subjected to FTIR analysis to confirm the functional



Fig. 1. Optimization process for the biological synthesis of AuNPs (a) different time intervals (b) different pH (c) different substrate conc. (d) different leaves extract conc.

Fig. 2. Optimization process for the biological synthesis of CuNPs (a) different time intervals (b) different pH (c) different substrate conc. (d) different leaves extract conc.
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Fig. 3. Electron microscopic images of (a) AuNPs from transmission electron microscope (b) AuNPs from field emission transmission electron microscope (c) energy
dispersive spectroscopic analysis of AuNPs (d) CuNPs from transmission electron microscope (e) CuNPs from field emission transmission electron microscope (f) energy
dispersive spectroscopic analysis of CuNPs.

Fig. 4. Atomic force microscopic images of (a) morphological topography of AuNPs (b) 3D image of AuNPs (c) morphological topography of CuNPs (d) 3D image of CuNPs.
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Fig. 5. High resolution X-ray diffraction spectra of (a) AuNPs (b) CuNPs. *peaks indicate the presence of biomolecules.
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and active groups. Fig. 6a depicts the FTIR spectra of the leaves
extract alone. The high content of active substances with the
strong anti-oxidant activity of leaves extract was supported for
the reduction of HAuCl4�3H2O to AuNPs (Fig. 6b). Further, the FTIR
spectra of CuNPs confirmed that –NH and –COO groups in the
leaves extract of Angelica keiskei played a major role in binding of
active substances with the copper and thereby equilibrate the
nanoparticles biosynthesis (Fig. 6c). The possible mechanism
behind the biogenic synthesis of AuNPs and CuNPs was given in
the Supplementary Fig. S4.
3.3. Mode of action of antibacterial mechanisms

3.3.1. Antibacterial study
The maximum zone of inhibition was observed in CuNPs and

HAuCl4�3H2O against Gram-negative bacterium, Escherichia coli fol-
lowed by CuSO4�5H2O and AuNPs. For Salmonella typhimurium, the
maximum zone of inhibition was observed for CuNPs and CuSO4-
�5H2O followed by AuNPs and HAuCl4�3H2O solution. Similarly,
for Gram-positive bacteria such as Staphylococcus aureus, the max-
imum zone of inhibition was observed for CuNPs and CuSO4�5H2O
followed by AuNPs and HAuCl4�3H2O solution. The CuNPs and
HAuCl4�3H2O solution pronounced a strong antibacterial activity
than AuNPs and CuSO4�5H2O against Bacillus cereus. Interestingly,
there was no zone of inhibition observed against the plant extract
and control well (Supplementary Fig. S5 and Table 1).
Fig. 6. Fourier transform infrared spectral analysis of (a) plant extract (b) AuNPs (c)
CuNPs.
3.3.2. Growth curve study
Growth curve study was performed to determine the bacterial

survival rate against the treatment of HAuCl4�3H2O, AuNPs, CuSO4-
�5H2O, CuNPs and plant extract. Based on the results obtained dur-
ing the treatment of O.D at 600 nm, CuNPs, CuSO4�5H2O and
HAuCl4�3H2O reaction solutions were retarded more than 50%
growth rate at 24 h time interval for Salmonella typhimurium, Bacil-
lus cereus and Staphylococcus aureus. But in case of AuNPs the
growth retardation rate was not much impressive and observed
less than 50% growth retardation at 24 h time interval against all
the tested pathogens. In addition, HAuCl4�3H2O solution showed
pronounced growth retardation for Escherichia coli at 24 h time
interval compared to all other tested reaction mixtures (Fig. 7).
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3.3.3. Minimum inhibitory concentration
MIC study was performed to understand the effective inhibitory

concentration of nanoparticles against the tested pathogens. The
effective MIC was observed for CuSO4�5H2O and CuNPs against Sal-
monella typhimurium (10 mg/10 ml) followed by Bacillus cereus, Sta-
phylococcus aureus (20 mg/20 ml) and Escherichia coli (40 mg/40 ml).
But in case of HAuCl4�3H2O, the effective MIC of 20 mg/20 ml was
observed against Salmonella typhimurium, Bacillus cereus and Sta-
phylococcus aureus followed by Escherichia coli (40 mg/40 ml). Simi-
larly, the effective MIC of AuNPs against all the tested pathogens
was observed at 40 mg/40 ml concentration.

3.3.4. Antibacterial mechanisms through Bio-TEM
In order to understand the antibacterial mechanisms of synthe-

sized AuNPs and CuNPs, Bio-TEM analysis was performed against
Gram-positive bacteria of Bacillus cereus, Staphylococcus aureus
and Gram-negative bacteria of Escherichia coli and Salmonella typhi-
murium. The bacterial cultures were mixed with 1 ml of as-
synthesized AuNPs and CuNPs separately for 8 h. followed by



Table 1
Well diffusion assay of biologically synthesized AuNPs and CuNPs from Angelica keiskei (Miq.) Koidz leaves extract.

Bacterial pathogens ZOI (mm in diameter)

Control (Sterile D�H2O) Plant extract
(40 mg/ 40 ml)

HAuCl4�3H2O
(40 mg/ 40 ml)

AuNPs
(40 mg/ 40 ml)

CuSO4�5H2O
(40 mg/ 40 ml)

CuNPs
(40 mg/ 40 ml)

Gram-positive
Staphylococcus aureus NZ NZ 9 10 15 17
Bacillus cereus NZ NZ 12 10 10 12
Gram-negative
Escherichia coli NZ NZ 18 10 16 18
Salmonella typhimurium NZ NZ 10 10 14 15

NZ no zone formation.
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placed in TEM grid, allowed to air dried and observed under Bio-
TEM which clearly evident the mechanisms of interaction of
nanoparticles initially initiated on the surface of the cell wall
adherence followed by rupturing the cells and caused the cell
death. Fig. 8a-d shows the Bio-TEM analysis of AuNPs interacted
with the test pathogens and Fig. 8e-h shows the Bio-TEM analysis
of CuNPs interacted with the test pathogens. The overall proposed
antibacterial mechanisms were presented in Supplementary
Fig. S6.

3.4. Toxicity studies by zebrafish embryos

3.4.1. Mortality study
Different concentration of biologically synthesized AuNPs,

CuNPs along with suitable substrates like HAuCl4�3H2O, CuSO4-
�5H2O were used to perform the rate of mortality of zebrafish
Fig. 7. Growth curve studies of (a) Escherichia coli (b) Salmonell
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embryos. The obtained results clearly revealed that the increasing
concentration leads to increase in mortality rate. The 100% mortal-
ity was achieved for HAuCl4�3H2O at 15 mg/ml conc. (Fig. 9a). Sim-
ilarly, for AuNPs it was observed at 200 mg/ml (Fig. 9b). But in case
of CuSO4�5H2O and CuNPs, 100% mortality was observed at 2 mg/ml
concentration (Fig. 9c & d).

3.4.2. Morphological study
The untreated control zebrafish embryo was found to be alive

with normal in structure without having any notable observations
(Fig. 10a). But in case of HAuCl4�3H2O, 100% mortality rate was
observed at 15 mg/ml conc. whereas in lesser conc. like 5 and
10 mg/ml delayed the hatching compared to control. In addition,
the reddish-purple color coagulation of the embryo was observed
at the increasing concentrations (Fig. 10b). Interestingly, 100% of
the mortality rate was observed for the synthesized AuNPs at
a typhimurium (c) Staphylococcus aureus (d) Bacillus cereus.



Fig. 8. Mode of interactions of AuNPs (a-d) and CuNPs (e-h) against Gram-positive and Gram-negative bacterial pathogens. (a) Bacillus cereus (b) Salmonella typhimurium (c)
Staphylococcus aureus (d) Escherichia coli (e) Bacillus cereus (f) Salmonella typhimurium (g) Staphylococcus aureus (h) Escherichia coli. Arrows indicates the presence of
nanoparticles binding on the bacterial cell surfaces.
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200 mg/ml conc. There was no delay in hatching observed for the
lesser conc. but in case of higher conc. the coagulations observed
along with reddish purple color changes noted (Fig. 10c). Further,
the embryos treated with CuSO4�5H2O and CuNPs observed 100%
of the mortality rate at the least conc of 2 mg/ml along with black
color coagulations (Fig. 10d & e). However, we did not observe
any kind of tail malformations and yolk sac edema against all the
tested conc. of the nanoparticles.
4. Discussion

For the nanoparticle’s formation, pH, concentration of leaves
extract, concentration of substrate and time were noted in which
12 ml of the extract with 38 ml of D�H2O was found to be suitable
for rapid synthesis of both AuNPs and CuNPs. pH is one of the fore-
most factors for the rapid and controlled synthesis of nanoparti-
cles. Hence in the present study, pH 6–10 monitored for the
synthesis of both AuNPs and CuNPs in which the color formation
was observed in all the pH for AuNPs but the prominent absorption
peak at 540 nm as well as band intensity was not achieved at pH 6,
7, 9 and 10. In case of pH 8, a prominent absorption peak as well as
the band intensity was achieved consistently during the incubation
of reaction solution in the dark condition. In our previous report,
we had synthesized AuNPs using two different plant leaves
extracts namely, Cucurbita pepo and Malva crispa and recorded
the absorption peak at 540 nm with a suitable pH 7 and 8
(Krishnaraj et al., 2019). Similarly, for CuNPs synthesis, the color
2559
change from pale yellow to green as well as the characteristic
absorption peak at 327 nm was achieved at pH 7 and 8. Such color
changes and the characteristic absorption peak did not observe at
pH 6, 9 and 10. To support the present findings, Ghosh et al. (2020)
synthesized CuNPs from Jatropha curcas leaves extract and
observed the characteristic absorption peak at 337 nm. The inten-
sity of the pinkish violet color for AuNPs and green color for CuNPs
were increased continuously during incubation was the sign of sur-
face plasmon resonance (SPR) excitation trigger and the reduction
of substrates into the reaction mixtures (Krishnaraj et al., 2010).

The results of the electron microscopic studies revealed the
presence of poly disperse AuNPs and CuNPs without having any
agglomeration and this was due to the presence of variety of phy-
tochemicals in the reaction mixture (Caesar and Cech, 2016; Kil
et al., 2017) such as flavanones, linear angular coumarins, preny-
lated chalcones, vitamins and minerals (Tattao et al., 2020), and
also having the unique bioactive component of chalcones which
is a flavanone group having aromatic ketone (Chavan et al., 2016)
might reacted as capping and stabilizing agents. For supporting
the present study, recently Paul et al. (2015) synthesized AuNPs
using Pogestemon benghalensis leaves extract and confirmed the
spherical and triangular shape of nanoparticles with an average
size of 10–50 nm. In addition, Chung et al. (2017) synthesized
spherical shaped CuNPs with the average size of 23–57 nm using
Eclipta prostrata leaves extract.

The results of EDS profile spectrum clearly demonstrated that
some of the weak signals along with Au such as N, O, S, Si and C
(Supplementary Fig. S2) were achieved from AuNPs reaction mix-



Fig. 9. Mortality rate of A. keiskei leaves extract mediated nanoparticles against zebrafish embryos (a) HAuCl4�3H2O exhibited 100% mortality at 15 mg/ml conc (b) AuNPs
exhibited 100% mortality at 200 mg/ml conc (c) CuSO4�5H2O exhibited 100% mortality at 2 mg/ml conc (d) CuNPs exhibited 100% mortality at 2 mg/ml conc.
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ture. Similarly, in case of CuNPs, some of the weak signals along
with Cu such as C, Ca, N, O, Si, P, S and K (Supplementary Fig. S3)
were observed and these might be due to the presence of phyto-
chemicals adhered on the surface of nanoparticles (Caesar and
Cech, 2016; Tattao et al., 2020; Chavan et al., 2016). Some of the
previous reports also confirmed that the nanoparticles from the
plant extract had a thin layer of surface capping organic molecules,
which played a major role in nanoparticles stability in the solution
for at least 1 month (Shankar et al., 2004; Song and Kim, 2009). Our
results were in good agreement with the previous reports; AuNPs
and CuNPs were found to be stable for more than 6 months (Sup-
plementary Fig. S7).

The HR-XRD results clearly revealed the presence of few of the
additional signals along with a characteristic plane for AuNPs and
CuNPs. The additional signals were might be due to the presence of
phytochemicals adhered on the surface of the nanoparticles. Singh
et al. (2018) had synthesized AuNPs from Euphrasia officinalis
leaves extract and confirmed the crystalline nature of fcc Au with
JCPDS file No. 04-0784. In addition, recently Ghosh et al. (2020)
had synthesized CuNPs from Jatropha curcas leaves extract and
characterized the crystalline phase of the nanoparticles through
XRD and confirmed the fcc matched with the JCPDs file No. 89-
5899.

A characteristic band in the FTIR analysis of the plant leaves
extract was observed between 3300 and 3600 cm�1 which con-
firmed the alcoholic –OH groups. In addition, the sharp C–N
stretching vibration of aliphatic amines were observed at
1050 cm�1. A medium peak formed at 1090 to 1150 cm�1 con-
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firmed the presence of phenolic substances in the plant extract.
The region between 1300 and 1450 cm�1 represented the confir-
mation of C–N stretching for aromatic amines and germinal methyl
groups. Further the presence of C=C and C–H stretching functional
groups of benzene was identified between 1590 and 1650 cm�1

and 2800 to 2900 cm�1, respectively. In case of AuNPs, the signif-
icant bands were observed at 750 cm�1 to 600 cm�1, 1633 cm�1

and 3378 cm�1. The band at 3378 cm�1 confirmed the presence –
OH bond on the AuNPs. The bands between 750 and 600 cm�1

were due to the presence of alkyl halides and band at 1633 cm�1 -
signify the existence of amide group. In addition, some of the
strong and broad signals observed between the region of 1600–
1700 cm�1 confirms the presence of C=O group. Similarly, for
CuNPs, the specific peaks were observed at 3365, 1718, 1628,
1145, 1098, 775 and 617 cm�1. The major absorption peaks of
CuNPs observed at 3600 cm�1 and 3000 cm�1 indicates the pres-
ence of alcohols associated with –OH and –NH stretching.

Recenlty, Amaliyah et al. (2020) have synthesized CuNPs from
Piper retrofractum vahl extract as bio reducer and capping agent
and performed the antibacterial activity against Escherichia coli
and Staphylococcus aureus and reported the strong antibacterial
activity against Gram-negative bacteria than the Gram-positive
bacteria due to the difference in the membrane structure. Simi-
larly, an effective antibacterial activity was observed against
Gram-negative bacteria than the Gram-positive bacteria for AuNPs
synthesized using Lignosus rhinocerotis and chitosan (Katas et al.,
2019). Our results agree with the previous reports in which effec-
tive antibacterial activity of CuNPs and AuNPs was observed



Fig. 10. Morphological anomalies caused by A. keiskei leaves extract mediated nanoparticles (a) Control embryos showed normal architecture at different developmental
stages and coagulation caused by (b) HAuCl4�3H2O (c) AuNPs (d) CuSO4�5H2O (e) CuNPs.
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against Gram-negative bacteria than the Gram-positive bacteria.
This might be due to easy penetration of smaller size of nanoparti-
cles into the thin cell wall of Gram-negative bacteria, which made
them more susceptible to nanoparticles than the thick peptidogly-
can layer of the Gram-positive bacteria (Katas et al., 2019;
Muthuvel et al., 2014; Kaviya et al., 2011). In addition, presence
of a rich variety of bioactive components found in the leaves
extract might have contributed to the effective inhibitory activi-
ties. Moreover, Wu et al. (2020) had synthesized CuNPs from Cissus
vitiginea Linn. leaves extract and reported the potent antioxidant
properties and antibacterial activity against UTI infection caused
by E. coli, Enterococcus sp., Proetus sp., and Klebsiella sp. For support-
ing the present proposal of the antibacterial mechanisms, few of
the previous reports also concluded that CuNPs and ions of copper
primarily adhered on the surface of bacterial cell and leads to pits
formation on the bacterial membrane, leakage in cellular compo-
nents as well as oxidative stress resulting in cell death (Deryabin
et al., 2013; Saleem et al., 2017). In addition, CuNPs interact with
the cell membrane leads to electrochemical transmembrane
potential and resulted in membrane integrity. In another study,
the proteins and enzymes were destroyed in the bacterial cell
due to CuNPs interaction with -SH (sulfhydryl) group (Das et al.,
2010; Schrand et al., 2010; Din et al., 2017).

In our previous report, we have reported the biological synthe-
sis of silver and gold nanoparticles using Spinacia oleracea Linn.
leaves extract and studied the embryotoxicity against zebrafish
and confirmed that the 3 mg/ml concentration of silver nanoparti-
cles and 300 mg/ml concentration of AuNPs were toxic to embryos
resulted in 100% mortality (Ramachandran et al., 2017). But, in the
present study, 100% mortality was observed for AuNPs at 200 mg/
ml concentration and this might be due to the possibility of the
nature and type of phytochemicals adhered on the surface of the
nanoparticles.
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5. Conclusions

Both AuNPs and CuNPs were successfully synthesized from
Angelica keiskei (Miq.) Koidz. leaves extract. AuNPs were found to
be triangular and spherical in shape with polydisperse in nature
and the size was ranged from 10 to 40 nm whereas CuNPs were
found to be spherical in shape with polydisperse in nature and
the size was ranged from 10 to 60 nm. The antibacterial mecha-
nisms of the synthesized AuNPs and CuNPs were investigated
against few of the bacterial pathogens and their mode of interac-
tion was performed using Bio-TEM. Based on the results obtained
from various antibacterial mechanistic studies confirmed that the
plant extracts mediated synthesis of AuNPs and CuNPs were found
to be more effective against Gram-negative bacteria than the
Gram-positive bacteria. Furthermore, in vitro embryotoxicity stud-
ies of the synthesized nanoparticles were performed against zebra-
fish embryos and the results concluded that 200 mg/ml
concentration of AuNPs showed the embryotoxicity and 2 mg/ml
of CuNPs resulted in embryotoxicity. Furthermore, the morpholog-
ical anomalies of the zebrafish embryos confirmed the high toxic
nature of the synthesized CuNPs than the AuNPs. Overall, AuNPs
had the meager toxic effect than that of CuNPs even though both
the nanoparticles were biosynthesized from the same plant. In
addition, biologically synthesized AuNPs having the wide thera-
peutic uses and can be used at controlled concentration for various
applications in biology.
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