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ABSTRACT 
This study aims to characterize and determine the antibacterial activities of synthesized Strobilanthes 
crispus-mediated AgNPs (SC-AgNPs) against Streptococcus mutans, Escherichia coli and Pseudomonas aer
uginosa. S. crispus water extract acts as a reducing and capping agent in the synthesis of AgNPs. The 
synthesized AgNPs were characterized by using UV-Vis spectrophotometer, dynamic light scattering 
(DLS), field emission scanning electron microscope (FESEM), X-ray diffractometer (XRD) and Fourier 
transform infra-red (FTIR). FESEM images showed a rough surface with a spherical shape. The average 
size distribution of 75.25 nm with a polydispersity index (PDI) of 0.373. XRD analysis matched the face- 
centred cubic structure of silver. FTIR analysis revealed a shifted peak from 1404.99 to 1345.00 cm−1. 
MIC and MBC values of SC-AgNPs were 1.25 mg/mL and 2.5 mg/mL against E. coli, P. aeruginosa and 
S. mutans, respectively. Time-kill assay showed that SC-AgNPs significantly reduced bacterial growth as 
compared to non-treated bacteria. Morphologies of bacteria treated with SC-AgNPs were shrunk, lysed, 
irregular and smaller as compared to control. SC-AgNPs significantly disrupted the gene expression of 
eae A, gtf B and Pel A (p< 0.05). This study indicated that the synthesized SC-AgNPs were stable with 
enhanced antibacterial activities.
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Introduction

Novel utilization of nanoparticles and nanomaterials is devel
oping on different fronts due to their new or improved prop
erties dependent on size, distribution and morphology [1,2]. 
It is quickly acquiring redesign in many fields, for example, 
medical care, beauty care products, biomedical, drug-quality 
conveyance, climate, synthetic enterprises, gadgets and 
photograph electrochemical applications [3]. Silver nanopar
ticles (AgNPs) are becoming one of the fastest-growing prod
uct categories in the nanotechnology industry. This is 
attributed to their good electrical conductivity, chemical sta
bility, catalytic and remarkably strong anti-microbial proper
ties [4]. A wide category of products in this respect has 
already been available on the market. In the medical arena, 
there are wound dressings, scaffolds, contraceptive devices, 
dental materials, surgical instruments and bone prostheses 
that are coated or embedded with nanosilver [3,5].

A substantial amount of existing research has discussed 
the creation of silver nanoparticles using living organisms like 
bacteria, fungi, and plants. This is mainly due to their natural 
ability to reduce metal compounds into nanoparticles, thanks 
to their antioxidant or reduction properties. However, among 

the various ways to create silver nanoparticles using living 
organisms, the approach involving microorganisms isn’t prac
tically feasible for industries due to the demanding need for 
sterile conditions and their continuous management. 
Therefore, using plant extracts for this purpose holds promise 
as a better alternative to microorganisms. This is because it 
offers advantages such as easier enhancement, lower biohaz
ard risk, and a simpler process for maintaining cell cultures 
[5]s. The synthesis of nanoparticles using plants is widely 
gaining interest among researchers. Therefore, green synthe
sis or bio-synthetics of nanoparticles especially using plants is 
becoming preferable among researchers as it was reported 
as clean, non-toxic and environmentally acceptable. Green 
synthesis method is the most popular method to synthesize 
nanoparticles. This technique used plant-based products as 
reducing agents due to the bioactive compound found in 
plants such as phenolic compounds [7]. The recent synthesis 
of green AgNP utilizes plant extracts such as Azadirachta ind
ica [8], Holarrhena antidysenterica [9,10], Piper longum [11], 
Arnebia hispidissima [12], and many more. Plants extracts act 
as reducing agents for the synthesis of the nanoparticles and 
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they give more advantages as they are easily scaled up and 
less biohazard.

Other than acting as reduction and capping agents, 
bioactive such as phenolic compounds bind to AgNP and may 
enhance its medicinal properties. Several studies reported that 
phenolic compounds of the extract may enhance the medi
cinal properties of silver nanoparticles [13,14] For example, 
Clinacanthus nutans which were reported as reducing and cap
ping agents of AgNPs showed better inhibition on cell cancer 
growth when compared to commercial silver nanoparticles 
[14]. Green synthesized AgNP exhibits antimicrobial properties 
by inhibiting bacteria growth and showing bacteriostatic and 
bactericidal ability against pathogenic bacteria [15]. Thus, it is 
essential to develop AgNP products based on a green 
approach without using hazardous substances to human 
health and the environment.

Strobilanthes crispus (S. crispus) is a medicinal plant that 
can be used to treat diabetes, diuretics, cancer and constipa
tion [16]. In Malaysia, this plant also known as pecah beling, 
pecah kaca or bayam karang. S. crispus has been reported as 
an antioxidant, anti-angiogenic and wound healing agent. 
Koay et al. [17] reported that S. crispus alcoholic extracts 
exhibited antibacterial activities against selected pathogens 
such as Bacillus subtilis, Staphylococcus aureus and Salmonella 
typhi. S. crispus ethanolic leaf extracts have antibacterial activ
ities towards Pseudomonas aeruginosa, Escherichia coli and 
Candida albicans [18]. However, report on antibacterial activ
ities exposed to AgNP incorporated with S. crispus water 
extract is very limited. To date, this is the first study high
lighting the synthesis of S. crispus mediated-AgNPs. Hence, 
this study aims to characterize and investigate the antibacter
ial activities of synthesized S. crispus mediated-AgNPs (SC- 
AgNPs) against selected bacteria.

Materials and methods

Preparation of Strobilanthes crispus water extract

Strobilanthes crispus was collected at TKC Herbal Ampangan, 
Seremban, Malaysia [Figure 1(a)]. S. crispus leaves were 

cleaned, separated and oven-dried at 45 �C. The leaves were 
ground into a fine powder and soaked in distilled water at 
room temperature. Water extracts were collected in clean 
glass bottles and filtered using Whatman no 1 filter paper. 
The water filtrate was then freeze-dried (Martin Christ, 
Germany). S. crispus water extract was kept at −20 �C until 
further use [14].

Synthesis of SC-AgNPs

SC-AgNPs synthesis method was adapted from Yakop et al., 
[19]. Briefly, A total of 1 mM of silver nitrate was mixed with 
S. crispus leaves water extract at 4.5 mg/mL and incubated at 
room temperature for 24 h. Changes of colour to reddish 
brown which indicated the formation of AgNP were 
observed. SC-AgNPs were washed and freeze-dried to form a 
powder. Then, SC-AgNPs were kept at −20 �C until fur
ther use.

Characterization of SC-AgNPs

The presence of SC-AgNPs was observed by gauging the 
reduction of silver ions by using UV–vis spectrophotometer 
(Shimadzu, Kyoto Japan) at the wavelength range of 250– 
800 nm [19]. The sample was diluted with ultrapure water at 
1:1 volume before the measurement. Wheras the particle 
size, zeta potential, and polydispersity index (PDI) of SC- 
AgNPs were measured at room temperature by using a 
Zetasizer analyzer (Malvern Zetasizer Nano ZS; Nano-ZS90, 
Malvern, UK). The sample was diluted with ultrapure water at 
a 1:10 ratio and tested until the smallest size of SC-AgNPs 
was obtained. Parameters such as the refractive index of 
water (1.330), viscosity (0.8872 cP), and temperature (25 �C) 
were set before the analysis. For the surface morphology 
study sample was analyzed by using a field emission scan
ning electron microscope (FESEM) (JEOL JSM 7600 F, Japan). 
Thin films of AgNPs were placed onto a carbon-coated cop
per grid, and then, the films on the FESEM grid were allowed 
to dry for analysis. X-ray diffractometer (XRD) was used to 

Figure 1. (A) Strobilanthes crispus leaves that were used in the study; (B) biosynthesis of AgNP mediated with S. crispus at 24h.

550 R. MOHAMAD HANAFIAH ET AL.



identify the crystallinity phase of silver in the sample by 
referring to the silver database from the Joint Committee on 
Powder Diffraction Standard (JCPDS) [20]. The sample was 
placed on a glass sample plate holder by flattening and com
pressing with an XRD machine (Rigaku Miniflex 600, Japan). 
The holder was mounted onto standard sample stages in the 
sample chamber. The X-ray wave was beamed, and the scat
tered intensity was measured. Fourier Transform Infra-red 
(FTIR) analysis was conducted using a Thermo ScientificTM 

NicoletTM iS50 FTIR Spectrometer (Waltham, MA, USA) to 
observe the presence of functional groups in the sample. The 
sample was placed on a diamond crystal and touched with 
an ATR touch-point probe.

Antibacterial activities SC-AgNPs against selected 
bacteria

Antibacterial activities of SC-AgNPs against Escherichia coli 
(Clinical strain-Department Bioscience, Nottingham University 
Malaysia), Pseudomonas aeruginosa (ATCC 10145) and 
Streptococcus mutans (ATCC 25175) were done by using disc 
diffusion assay, minimum inhibition concentration, minimum 
bactericidal concentration and time-kill assay.

Bacteria preparation

Escherichia coli and P. aeruginosa were grown in brain heart 
infusion broth BHIB, (Oxoid, United Kingdom) for 24 h at 
37 �C. Meanwhile, S. mutans were grown in BHIB for 24 h at 
37 �C under facultative anaerobic conditions.

Disc diffusion assay

The disc diffusion method was followed the method from 
Salehuddin et al. [21] and Lu et al [22], with modification. All 
the bacteria (E. coli, P. aeruginosa and S. mutans) were grown 
in Muller Hinton broth (MHB) (Oxoid, United Kingdom) and 
incubated for 24 h. After that, the turbidity of those bacteria 
was adjusted to 0.5 McFarland. A sterile cotton swab was 
dipped into the suspension and then spread evenly on 
Muller Hinton agar (MHA) to get consistent microbial growth. 
Sterilized filter paper discs with a size of 6 mm were impreg
nated with 5 mL of each SC-AgNPs, AgNP and S. crispus water 
extract at 10 mg/mL and placed on MHA. Gentamicin (10 mg) 
(Sigma-Aldrich, United States) was used as a positive control. 
All agar plates were incubated at 37 �C for 24 h and under 
aerobic conditions for E. coli and P. aeruginosa. Meanwhile, S. 
mutans were grown under facultative anaerobic conditions. 
After the incubation period, the inhibition zone was meas
ured using a caliper.

Minimum inhibition concentration (MIC) and minimum 
bactericidal concentration (MBC)

MIC and MBC methods were done by following the method 
from Salehuddin et al. [20] and Lu et al. [22], with modifica
tions. All bacteria (E. coli, P. aeruginosa and S. mutans) were 
grown in Muller Hinton broth (MHB) (Oxoid, United 

Kingdom) and incubated for 24 h. After that, the turbidity of 
those bacteria was adjusted to 0.5 McFarland. Then, 100 mL of 
the bacteria were transferred to a 96-well plate. A total of 
100 mL of SC-AgNPs, AgNP and S. crispus water extract with 
different concentrations were added to the well and the final 
volume for each well was 200 mL. After that, the cultured 
were incubated at 37 �C for 24 h. Colour changes were 
assessed visually after 50 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) tetrazolium (MTT) (Sigma- 
Aldrich, United States) was added. MBC is the continuous 
method from MIC. A volume of 5 mL of samples from the 96- 
well plate was cultured onto MHA and incubated at 37 �C for 
24 h. After the incubation, the lowest concentration that 
inhibits bacterial growth was determined as MBC values.

Time kill assay

Time kill assay was performed according to Hanafiah 
et al.[23] with slight modification. A single colony of test bac
teria was inoculated in 10 ml MHB and incubated at 37 �C 
while shaking at 200 rpm overnight. The next day, these over
night bacterial cultures were used to prepare 10 ml of bac
teria dilution at 1� 108 CFU/mL using fresh Muller Hinton 
(MH) (Oxoid, United Kingdom) broth. About 100 mL of these 
diluted bacteria cultures were aliquot into 96 well plates and 
were added with 100 mL of SC-AgNPs (1=2 MIC, MIC and MBC), 
S. crispus water extract (10 mg/mL) and commercial AgNP 
(10 mg/mL). Gentamicin (MBC) was used as a positive control. 
Non-treated bacteria were used as inoculum controls respect
ively. Pseudomonas aeruginosa and E. coli plates were incu
bated under aerobic conditions while S. mutans plates were 
incubated under the anaerobic condition at 37 �C for a cumu
lative period of 24 h. A total of 20 mL cultures were collected 
from each well at 5 sampling points (T0 immediately after 
the addition of respective treatments, T4, T8, T12, and T24) 
throughout the 24h incubation period. Collected samples 
were diluted to tenfold dilution for another three times with 
0.9% sodium chloride (NaCl) (Sigma-Aldrich, United States) 
solution, followed by spreading 10ul of each dilution onto 
MH agar plates. These agar plates were incubated at 37 �C 
for 24h and colonies on the plates had been counted and 
recorded as log CFU/mL.

Scanning electron microscopic

Morphological changes of S. mutans, E. coli and P. aeruginosa 
by SC-AgNPs were observed with a scanning electron micro
scope (SEM) following the method by Goldbeck et al. [24] . 
Three treatment incubation times were tested which were 
0 h (control without treatment), 2 h and 4 h. For each incuba
tion time, 2 ml of SC-AgNPs (MIC and 1=2 MIC) were added to 
8 ml bacteria cultured at their logarithm growth phase 
(1� 108 CFU/mL) and incubated at 37 �C. After the incubation 
period, bacterial culture was collected and centrifuged to col
lect bacterial pellets. These bacterial pellets were fixed in 2% 
glutaraldehyde solution for 24h at 4 �C. After fixation, the 
cubes were washed with PBS solution followed by the dehy
dration process by immersing the pallet in a gradual 
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concentration of ethanol ranging from 10 to 100% for 
15 min. Samples were dried in CO2 using the critical point 
method. Next, the dried samples were mounted onto a stub 
and coated with a thin layer of gold and viewed under SEM 
(Carl Zeiss Leo 1450VP, United Kingdom).

Gene expression analysis

RNA extraction
RNA isolation was isolated by using the Innuprep RNA Mini 
Isolation kit (Analytik Jena, Jerman). RNA isolation had been 
done on S. mutans, E. coli and P. aeruginosa treated with SC- 
AgNPs (MIC and 1=2 MIC) and non-treated bacteria. Following 
purification, the RNA concentration was measured by using 
NanoDrop 2000c spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, USA). Ratios of A260/A280 and 
A260/A230 were measured to confirm the RNA isolations 
were free from contaminants.

Real-time PCR
Real-time PCR analysis was done by using SensiFASTTM 

SYBRVR No-ROX One-Step Kit (Bioline, UK). The primers for this 
analysis were eae A [F- GACCCGGCACAAGCATAAGC, R- CCA 
CCTGCAGCAACAAGAGG- [25]] for E. coli, Pel A [F-ACAGCC 
AGGTAATGGACCTC, R- AAGCTGTCCAGGGTATCGAG- [26]] for 
P. aeruginosa and gtf B (F-AGC AAT GCA GCC AAT CTA CAA 
AT, R-ACG AAC TTT GCC GTT ATT GTC-A- [27] for S. mutans. 
A real-time PCR assay was performed using CFX96 Touch 
Real-Time PCR Detection System. Reaction mixtures were pre
pared following the manufacturer’s protocol. The amplifica
tion program was set at 50 �C for 10 min and 95 �C for 
10 min, followed by 35 cycles at 95 �C for 15s and 60 �C for 
1 min. No template RNA was used as a negative control. The 
normalization of gene expression was done by using 16s 
RNA gene references. The fold change of gene expression 
was calculated by using the model from Livak and 
Schmittgen [28]. All the samples were done in triplicate.

Statistical analysis

Results were expressed as mean ± SD in triplicate and the dif
ferences between treated and untreated cells were determined 
using ANOVA. All the tests were analyzed using One-way 
ANOVA. A significant difference was accepted with p< 0.05. 
Statistical analysis was performed using SPSS Statistic 25.0 
(SPSS Inc. Chicago IL. USA).

Results

Synthesis and characterization of SC-AgNPs

Upon the addition of S. crispus leaves water extract into the 
AgNO3 solution, the colour of the mixture was gradually 
transformed to dark brown indicating the formation of SC- 
AgNPs [Figure 1(B)]. UV–Vis spectrometry of S. crispus leaves 
extract and SC-AgNPs are shown in Figure 2(A) and 2(B), 
respectively. A sharp peak around 400 nm wavelength 
showed the presence of AgNP in the solution after 24 h of 

non-stop stirring under room temperature [14]. Dynamic light 
scattering (DLS) was used to measure particle size of the syn
thesised SC-AgNPs. Table 1 summarises the results of particle 
size and zeta potential analysis. SC-AgNPs showed an average 
size distribution of 75.25 nm. The polydispersity index (PDI) 
for SC-AgNPs was 0.373. SC-AgNPs showed a value of 
−35.6 mV for the zeta potential measured. FESEM was done 
to determine the surface morphology of synthesized AgNPs. 
Based on Figure 2(C), FESEM images showed that the synthe
sized SC-AgNPs had rough surfaces with a spherical shape. 
SC-AgNPs were analyzed using XRD to determine the crystal
line phase of the synthesized AgNP. Figure 2(D) shows the 
XRD pattern of SC-AgNPs. The main peaks for SC-AgNPs 
clearly appeared at (2h) 38.20 (111), 44.40 (200), 64.60 (220), 
77.60 (311), and 81.76 (222) planes, indicating the face-cen
tred cubic structures of SC-AgNPs [29]. Figure 2(E) shows the 
FTIR analysis comparison between S. crispus water extract 
and the SC-AgNPs. FTIR revealed a shifted peak from 1404.99 
to 1345.00 cm−1 which corresponds to C–O–H bending of 
carboxylic acid vibrations.

Disc diffusion assay

The result from the disc diffusion assay showed that SC- 
AgNPs (10 mg/mL) exhibited greater zone inhibition against 
all bacteria compared to AgNP blank and S. crispus water 
extract. Table 2 presented the results of zone inhibition after 
being treated with SC-AgNPs, AgNP blank and S. crispus 
water extract. S. mutans was resistant to S. crispus water 
extract and AgNP blank. The zone inhibition values of SC- 
AgNPs against all the bacteria showed a significant difference 
(p< 0.05) when compared to AgNP blank and S. crispus water 
extract.

MIC And MBC

The MIC value of SC-AgNPs against E. coli, P. aeruginosa and 
S. mutans were 1.25, 1.25 and 2.5 mg/mL of concentrations, 
respectively (Table 3). The MBC values of SC-AgNPs against 
all the bacteria were 2.5 mg/mL of concentration. Meanwhile, 
MIC and MBC values of AgNP blank against E. coli and P. aer
uginosa were 10 mg/mL of concentration, respectively. The 
MIC and MBC values of AgNP blank and S. crispus water 
extract against S. mutans were more than 10 mg/mL respect
ively. The MIC and MBC values of SC-AgNPs against the bac
teria were significantly different (p< 0.05) when compared to 
AgNP blank and S. crispus water extract. SC-AgNPs exhibited 
the lowest concentrations of MIC and MBC values against all 
the bacteria when compared with AgNP blank and S. crispus 
water extract. However, a significant difference (p< 0.05) in 
MIC and MBC values was shown between SC-AgNPs and 
gentamicin.

Time kill assay

In time-kill analysis, P. aeruginosa growth was significantly 
reduced (p< 0.05) by more than > 3 log10 CFU/mL after 
being treated with SC-AgNPs (0.625–2.5 mg/mL) at 4, 8, 12 
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and 24 h [Figure 3(A)] when compared to non-treated bac
teria (control) (p< 0.05). E. coli was significantly reduced to 
more than >3 log10 CFU/mL after being treated with SC- 
AgNPs (1.25–2.5 mg/mL) [Figure 3(B)]. However, SC-AgNPs 
(0.625 mg/mL) significantly reduced less than <3 log10 Cfu/ 
mL of bacteria growth after 4 h of treatment (p< 0.05). On 
the other hand, S. mutans was reduced to less than <3 log10 

CFU/mL after being treated with SC-AgNPs (1.25 and 

Figure 2. Characterization of SC-AgNPs. (A) UV-Vis spectra of S. crispus leaves water extract at 4.5 mg/mL; (B): UV-Vis spectra of SC-AgNPs at 4.5 mg/mL; (C) FESEM 
images of SC-AgNPS at 50,000 � magnification; (D) XRD spectra of SC-AgNPs; (E) FTIR analysis of commercial AgNPs, S. crispus aqueous extract and SC-AgNPs.

Table 1. Particle size and zeta potential analysis.

Polydispersity index (PDI) Particle size (nm) Zeta potential (mV)

0.373 75.25 −35.6

Table 2. Zone inhibition of bacteria after exposure to SC-AgNPs, AgNP, S. 
crispus water extract and gentamicin.

Samples (mg/mL)

Zone inhibition (mm)

E. Coli P. aeruginosa S. mutans

SC-AgNPs (10) 12.5 ± 0.87b 12.71 ± 0.87b 11.00 ± 0.33b

AgNP (10) 7.3 ± 0.58a 7.9 ± 0.32a 6.0 ± 0.00a

S. crispus (10) 6.0 ± 0.00a 6.0 ± 0.00a 6.0 ± 0.00a

Gentamicin (10 mg) 23.5 ± 0.7c 20.1 ± 0.22c 40.0 ± 0.06c

The concentration of SC-AgNPs, AgNP and S. crispus water extract against E. coli, 
S. mutans and P. aeruginosa were 10 mg/mL, respectively. AgNP incorporated 
with S. crispus exhibited greater zone inhibition against bacteria compared to 
blank AgNP and S. crispus water extract. Samples were analysed in triplicate 
and data were presented as means ± standard deviation. Mean values within a 
row with different letters (a–c) were significantly different (p< 0.05). the zone 
diameter of 6.0 ± 0.00 mm was presented as no inhibition activity.
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0.625 mg/mL) at 24 h of treatment when compared to the 
control [Figure 3(C)]. Whereas S. mutans growth was signifi
cantly reduced by more than >3 log10 CFU/mL after being 
treated with 2.5 mg/mL (MBC) of SC-AgNPs after 24 h of treat
ment compared to the control (p< 0.05).

This analysis also showed that AgNP blank (MIC:10 mg/mL) 
reduced (p< 0.05) P. aeruginosa and E. coli growth by more 
than >3 log10 CFU/mL at 4, 8, 12 and 24 h when compared to 
control [Figure 3(A,B)]. However, AgNP blank reduced less than 
<3 log10 CFU/mL of S. mutans growth after 24 h of treatment 
[Figure 3(C)]. No significant reducing pattern of P. aeruginosa, S. 
mutans and E. coli growth after being treated with S. crispus 
water extract (10 mg/mL) when compared to control (p> 0.05). 
Gentamicin (MIC) significantly reduced P. aeruginosa and S. 
mutans growth by more than >3 log10 CFU/mL at 4, 8, 12 and 
24 h when compared to the control (p< 0.05). Meanwhile, E. 
coli growth was reduced by more than >3 log10 CFU/mL with 
gentamicin (MIC) at 12 and 24 h of treatment.

Scanning electron microscope (SEM)

The morphologies of E. coli and P. aeruginosa treated with 
SC-AgNPs were different when compared to the control. The 

morphology of non-treated bacteria for E. coli was observed 
as rod and chain [Figure 4(A)]. Meanwhile, morphologies of 
E. coli treated with SC-AgNPs (0.625 and 1.25 mg/mL) were 
found shrunken and irregular in shape [Figure 4(B,C)]. Non- 
treated P. aeruginosa was rods in shape and clustered [Figure 
5(A)]. Meanwhile, P. aeruginosa treated with SC-AgNPs (0.625 
and 1.25 mg/mL) was observed to be shrunken [Figure 5(B)] 
and lysed [Figure 5(C)]. The morphology of S. mutans treated 
with SC-AgNPs (1.25 and 2.5 mg/mL) at 4 h does not change 
much compared to non-treated bacteria. The morphology of 
non-treated S. mutans was coccus and chain [Figure 6(A)]. 
Meanwhile, the size of certain treated S. mutans was found 
smaller and irregular in shape [Figure 6(B,C)].

Gene expression level

Each treated bacteria (S. mutans, P. aeruginosa and E. coli) 
successfully extracted its RNA at 1=2 MIC and MIC. Whereas 
nontreated RNA for each type of bacteria was used as a con
trol. The RNAs concentration range for all samples was 500– 
1500 ng/mL, respectively. The A260/280 ratio for all RNA sam
ples was 1.9–2.0. All the RNAs were used for gene expression 
analysis. Differential expression genes (DEG) levels of bacteria 
treated with SC-AgNPs were analyzed on eae A gene for 
E. coli, Pel A gene for P. aeruginosa and gtf B gene for 
S. mutans. Figure 7(A) showed the DEG level (fold change) of 
eae A gene was significantly (p< 0.05) downregulated after 
E. coli was treated with SC-AgNPs at 0.625 (Fold Change: 
0.18) and 1.25 mg/mL (Fold Change: 0.02) when compared to 
non-treated (Fold Change: 1) (p< 0.05). Meanwhile, the fold 
change of the gtf B gene was downregulated after S. mutans 
were treated with SC-AgNPs at 1.25 (Fold Change: 0.97) and 
2.5 mg/mL (Fold Change: 0.84) when compared to non- 
treated (Fold Change: 1) (p< 0.05) [Figure 7(B)]. However, the 

Table 3. MIC and MBC of SC-AgNPs, AgNP and S. crispus water extract against 
E. coli, P. aeruginosa and S. mutans.

Samples

E. coli P. aeruginosa S. mutans

MIC MBC MIC MBC MIC MBC

SC-AgNPs (mg/mL) 1.25 2.5 1.25 2.5 2.5 2.5
AgNP (mg/mL) 10.00 10.00 10.00 10.00 >10.00 >10.0
S. crispus extract (mg/mL) >10.00 >10.00 >10.00 >10.00 >10.00 >10.00
Gentamicin (mg/mL) 6.25 12.5 3.13 6.25 25.00 25.00

The values of MIC and MBC for SC-AgNPs against all bacteria were lower com
pared to AgNP blank and S. crispus water extract. The sample was analyzed 
in triplicate and data are presented as means ± standard deviation.

Figure 3. (A) the growth of P. aeruginosa, (B) E. coli, (C) S. mutans (log10 Cfu/mL) after being treated with SC-AgNPs, AgNP and S. crispus water extract at 0, 4, 8, 12 
and 24 h. The samples were analyzed in triplicate and data were presented as means ± standard deviation.
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fold change of Pel A gene was significantly up-regulated 
(p< 0.05) after P. aeruginosa was treated with SC-AgNPs at 
0.625 (Fold Change: 3.84) and 1.25 mg/mL (Fold Change: 
15.14) when compared to non-treated (Fold Change: 1) 
[Figure 7(C)].

Discussion

The green synthesis silver nanoparticles method has been 
known to offer rapid, environmentally friendly and cost- 
effective yield [14]. In this study, Strobilanthes crispus water 
extract was used as a reducing and capping agent. The 

presence of dark brown pigment in silver nitrate solution 
indicated the formation of silver nanoparticles. Dynamic light 
scattering (DLS) measured the average particle size of SC- 
AgNPs at 75.25 nm. The calculated PDI value of SC-AgNPs 
was 0.373 (Table 1) which is within the range of 0–1 where 
0 refers to monodisperse and 1 is polydisperse [20]. 
This outcome evidently shows that the synthesized SC-AgNPs 
were monodisperse. SC-AgNPs developed in this study show 
a high degree of stability (−35.6 mV), as reported by Heydari 
& Rashidipour [30], a high degree of stability of nanoparticles 
possessing a zeta potential value of more than 25 mV or 
lower than −25 mV. A high negative charge (−35.6 mV) of 
SC-AgNPs may show a strong repulsive force between the 

Figure 4. (A) Morphology of non-treated E. coli, (B) morphology of E. coli after being treated with SC-AgNPs (1.25 mg/mL) and (C) morphology of E. coli after being 
treated with SC-AgNPs (0.625 mg/mL). Non-treated E. coli was rod in shape, meanwhile, E. coli treated with SC-AgNPs was smaller, shrunken and irregular in shape.

Figure 5. (A) Morphology of non-treated P. aeruginosa, (B) morphology of P. aeruginosa after being treated with SC-AgNPs (0.625 mg/mL) and (C) morphology of P. 
aeruginosa after being treated with SC-AgNPs (1.25 mg/mL). Non-treated P. aeruginosa was rod in shape, meanwhile, P. aeruginosa treated with SC-AgNPs was 
found lysed and shrunken.

Figure 6. (A) Morphology of non-treated S. mutans, (B) morphology of S. mutans after being treated with SC-AgNPs (2.5 mg/mL) and (C) morphology of S. mutans 
after being treated with SC-AgNPs (1.25 mg/mL). Non-treated S. mutans was coccus in shape, meanwhile, S. mutans treated with SC-AgNPs was smaller and irregular 
in shape.
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particles which prevents particle aggregation. On the other 
hand, the surface morphology of synthesized SC-AgNPs 
showed that the synthesized SC-AgNPs had rough surfaces 
with a spherical shape [Figure 2(C)]. This result was in con
cordance with PDI and zeta values data which stated SC- 
AgNPs were monodisperse with minimal aggregation. 
Meanwhile, XRD analysis identified silver in the synthesized 
sample by comparing the peaks with the silver database 
from the Joint Committee on Powder Diffraction Standard 
(JCPDS) or International Centre for Diffraction Data (ICDD) 
[20]. These results showed that SC-AgNPs were pure crystal
line and confirmed the presence of silver in the synthesized 
sample. FTIR analysis reported C–O–H bending of carboxylic 
acid vibrations when compared to S. crispus water extract. 
This indicates bioactive compounds such as stigmasterol, 
b-sitosterol, ferulic acid and vanillic acid [31] in S. crispus 
water extract may be responsible for reducing Agþ to Ag0 in 
the synthesised sample.

The antibacterial assay of this study showed that SC- 
AgNPs were more potent when compared to AgNP blank 
and S. crispus water extract. In the disc diffusion assay, SC- 
AgNPs exhibited greater zone inhibition against all bacteria 
compared to AgNP blank and S. crispus water extract. 
Meanwhile, the MIC and MBC values of SC-AgNPs were the 
lowest concentration against S. mutans, E. coli and P. aerugi
nosa when compared to other samples. Minimum inhibitory 
concentration (MIC) is defined as the lowest concentration of 

an antimicrobial that will inhibit the visible growth of a 
microorganism after overnight incubation, and minimum bac
tericidal concentrations (MBCs) as the lowest concentration 
of an antimicrobial that will prevent the growth of an organ
ism after subculture onto antibiotic-free media [32]. In this 
study, MIC and MBC values of SC-AgNPs were the lowest 
when compared to AgNP blank and S. crispus water extract. 
This analysis showed that SC-AgNPs enhanced its medicinal 
properties against bacteria. According to Park [33], AgNP will 
increase the surface area to volume ratios of plant extraction. 
The larger surface area will provide many opportunities for 
interaction between extract and tested bacteria. Thus, a low 
concentration of samples is favoured to be deemed as effect
ive as an antibacterial agent. Hence, SC-AgNPs have shown 
to inhibit or kill the growth of E. coli, P. aeruginosa and S. 
mutans at low concentrations (0.625 mg/mL)

An antibacterial agent is defined as bactericidal if it 
decreases the colony by more than > 3 log10 Cfu/mL, which 
is equivalent to 99.9% killing of bacteria (Hanafiah et al. 
2015). The rate of killing time assay showed that P. aerugi
nosa and E. coli growths reduced more than >3 log10 Cfu/mL 
after being exposed to SC-AgNPs at 0.625, 1.25 and 2.5 mg/ 
mL concentrations. Meanwhile, AgNP blank (10 mg/mL) 
reduced P. aeruginosa and E. coli growth by more than >3 
log10 Cfu/mL. However, the rate killing time of bacteria 
treated with S. crispus water extract (10 mg/mL) showed no 
growth reduction in P. aeruginosa, S. mutans and E. coli. This 

Figure 7. (A) The relative expression of eae a gene in E. coli, (B) gtf B gene in S. mutans and (C) Pel a gene in P. aeruginosa after being treated with SC-AgNPs. The 
samples were analyzed in triplicate and data were presented as means ± standard deviation. The fold change value of treated genes showed significant differences 
(p< 0.05) when compared to control (�).
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finding showed that incorporation between AgNP and plant 
extract (S. crispus water extract) produces smaller AgNP which 
then increases the surface area to provide more interaction 
opportunities with bacteria so that a lower concentration of 
SC-AgNPs will be effective as a bactericidal agent. A previous 
study by Dar et al. [34] also showed that AgNP incorporates 
with biological extracts (metabolite from Cryphonectria sp) 
enhanced the activities of common antibiotics. AgNPs were 
used to preserve water and help to inhibit bacteria by inter
rupting the DNA of bacteria function [35]. AgNP has different 
antibacterial properties depending on its scale and size. The 
largest surface area of AgNP gives the best effects in antibac
terial activities [35]. According to Morones et al. [37], AgNP 
with a size of 10–100 nm showed strong antimicrobial activ
ities against pathogenic bacteria. The incorporation of AgNP 
with plant extraction is the eco-friendly route for the synthe
sis process and at the same time enhances their antimicrobial 
activities. To the best of our knowledge, the present study is 
the first to report incorporation between AgNP and S. crispus 
water extract enhanced their antibacterial properties against 
S. mutans, P. aeruginosa and E. coli.

The morphological analysis had been done on treated 
bacteria to observe their changes with non-treated bacteria. 
From the present study, the concentration of SC-AgNPs was 
the lowest among all bacteria as compared to AgNP blank 
and S. crispus water extract. The MIC value of SC-AgNPs 
against E. coli, P. aeruginosa and S. mutans were 1.25, 1.25 
and 2.5 mg/mL of concentrations, respectively (Table 2). The 
morphological analysis used MIC (1.25, 1.25 and 2.5 mg/mL) 
and 1=2 MIC (0.625 and 1.25 mg/mL) concentrations for each 
treated bacteria, respectively. Morphologies of P. aeruginosa 
and E. coli after being treated with SC-AgNPs were different 
when compared to non-treated bacteria. SEM analysis con
firmed the results from the time-kill assay that both bacteria 
were found dead after 4 h of treatment with SC-AgNPs. The 
particle of SC-AgNPs was adhered to the cell wall and then 
penetrated and lysis the cell [13]. Other than that, AgNP will 
help penetrate the bacterial cell wall, increase cell permeabil
ity and subsequently followed by cell death.

The morphology of S. mutans treated with SC-AgNPs was 
shown as smaller and irregular in shape when compared to 
non-treated bacteria. However, the difference is not as obvi
ous as in other bacteria due to the thickness of the cell wall 
of S. mutans. S. mutans is a Gram-positive bacterium, with 
thicker peptidoglycan compared to Gram-negative bacteria 
such as E. coli and P. aeruginosa [38]. SEM analysis of S. 
mutans was in concordance with the result from the time-kill 
assay that the bacteria was not dead after 4 h of treatment. 
However, they were found dead after 24 h of treatment 
when treated with SC-AgNPs (2.5 mg/mL).

In gene expression analysis, SC-AgNPs interrupted the 
function of the gene involved in adherence and biofilm activ
ities of those bacteria. eae A gene encoded protein intimin. It 
is responsible for attachment interaction between E. coli and 
the host. Intimin binds to the cell receptor Tir, which is trans
located by the pathogen to the enterocyte via a type III 
secretion system and is responsible to attach on the epithe
lial cells of the host [39]. The eae A gene of E. coli was down
regulated after being treated with SC-AgNPs at 0.625 and 

1.25 mg/mL concentrations. According to Mei et al. [40], eae 
A gene of E. coli O26:H11 was significantly (p< 0.05) downre
gulated after being exposed to hydrogen peroxide. This ana
lysis suggested that the down-regulated of eae A gene may 
inhibit the attachment activities of E. coli.

The attachment of S. mutans is dependent on the produc
tion of glucan polymers from sucrose enhanced by the gluco
syltransferase enzyme. Glucosyltransferase enzymes are 
encoded by gtf gene. The Gene of gtf B is an exoenzyme 
involved with the extracellular metabolism of sucrose and 
synthesize a polymer synthesizes a polymer of insoluble 
(a-1,3-linked) glucan [41]. These glucans are important com
ponents of the matrix of cariogenic biofilms. In this study, gtf 
B gene was downregulated after being treated with SC- 
AgNPs at 1.25 and 2.5 mg/mL concentrations. Interruption of 
this gene may inhibit the formation of biofilm in S. mutans. A 
previous study found that the gtf B gene was downregulated 
and effectively reduced S. mutans adherence after being 
exposed to hydroxy-decanoic acid.

The Pel A gene encodes the extracellular polymeric sub
stance (EPS) of P. aeruginosa. Pel polysaccharides are glu
cose-rich and can promote irreversible attachment [42]. Pel 
polysaccharides serve as structural components of the bio
film matrix [42]. Regulation of Pel polysaccharide involves 
3,5-cyclic diguanylic acid (c-di-GMP) which is formed by 
diguanylate cyclases with GGDEF motifs. Many proteins with 
GGDEF motifs enhance the biofilm formation of P. aerugi
nosa [44]. A previous study found that C-di-GMP upregu
lated after P. aeruginosa responds to tellurite during biofilm 
modes of growth [45]. In this study, Pel A genes were upre
gulated after being treated with SC-AgNPs (0.625 and 
1.25 mg/mL). Pel A gene plays an important role in surface 
attachment and biofilm formation of P. aeruginosa. 
Interruption of this gene may inhibit the formation of bio
film in P. aeruginosa.

Conclusions

SC-AgNPs exhibited greater antibacterial activities against S. 
mutans, P. aeruginosa and E. coli compared to AgNP blank 
and S. crispus water extract. The antibacterial assay of this 
study showed that SC-AgNPs was more potent when com
pared to AgNP blank and S. crispus water extract. In the disc 
diffusion assay, SC-AgNPs exhibited greater zone inhibition 
against all bacteria compared to AgNP blank and S. crispus 
water extract. Meanwhile, the MIC and MBC values of SC- 
AgNPs were the lowest concentration against S. mutans, E. 
coli and P. aeruginosa when compared to other samples. It 
also altered all the bacteria morphologies from their original 
form to be lysed and shrunk. Besides that, SC-AgNPs dis
rupted the gene expression of eae A, gtf B and Pel A which 
are responsible for the attachment and biofilm formation 
activities of bacteria. The findings were in a dose-dependent 
manner, with higher concentrations showing better inhibition 
activities. The future of synthesizing silver nanoparticles using 
S. crispus is full of exciting possibilities across various 
domains, including healthcare such as antibacterial agents 
and agriculture. The continued exploration of this field has 
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the potential to yield innovative solutions that address some 
of the pressing challenges faced by society while aligning 
with sustainable, healthy and environmentally friendly 
practices.
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