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The successful management of infections caused by human pathogenic bacteria is becoming a challenge
for clinicians. Therefore, new strategies to circumvent the growth of pathogens need to be developed. The
current study was therefore aimed to synthesize silver nanoparticles (AgNPs) through chemical reduction
process of silver nitrate by tri sodium citrate or sodium borohydride and evaluated their antibacterial
activity. During the synthesis process, AgNPs were capped by malonic acid (a dicarboxylic acid). We have
exploited two approaches of cold (reduction by NaBH4) and hot (reduction by trisodium citrate) process
for the synthesis of AgNPs which revealed maximum absorbance of AgNPs at 412 nm and 397 nm respec-
tively. The malonic acid (MA) functionalized AgNPs (AgNPs/MA) were systematically characterized for
their size, surface changes and morphology. These colloidal AgNPs were stable and polydisperse in nature
with an average diameter of 20 nm. The zeta potential (ZP) analysis showed stable AgNPs. The AgNPs syn-
thesis was optimized in a set of different reactions where concentration of metal precursor, concentration
of capping agent, temperature, time of stirring and duration of reaction were variable. The AgNPs/MA
were found poly-dispersed in nature with predominantly spherical shape. The antibacterial potential
of AgNPs was then assessed against both Gram positive (Staphylococcus aureus) and Gram negative bac-
teria (Escherichia coli, Pseudomonas aeruginosa, Salmonella typhi, and Klebsiella pneumoniae) by antimicro-
bial disc susceptibility assay with three replicates per treatment which showed promising antibacterial
activity of AgNPs. The AgNPs/MA possessing remarkably smaller size exhibited encouraging antibacterial
activity against human bacterial pathogens suggesting their potential application in controlling bacterial
infections in clinical settings and can be utilized in further biomedical applications.
� 2020 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

The miniature world of nanotechnology and nanoparticles pos-
sesses tremendous applications in various fields, and it is one of
the dynamic and fastest growing interdisciplinary area
(Isacfranklin et al., 2020; Swathi et al., 2020). Metallic nanoparti-
cles have been utilized for many industrial and domestic applica-
tions including medical diagnosis, biosensor, agriculture,
therapeutics, personal care products and pharmaceuticals (Ali
et al., 2019; Haroon et al., 2019). Nanoparticles possess some
intriguing features remarkably distinct from their bulk materials
(Rajput et al., 2020). These include smaller size, higher surface
area, catalytic efficiency, higher surface energy, absorption in visi-
ble region, etc. (Ahmed et al., 2017) which increase their therapeu-
tic potential to cure certain diseases or treat disease causing
organisms with no or both biologically and statistically insignifi-
cant side effects (Sanna and Sechi, 2020). Therefore, the fabrication
of novel, smaller sized nanoparticles with defined shape is envis-
aged in developing effective antibacterial agents to successfully
control or curb the pathogenic invasions (Valarmathi et al.,
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2020). Also, the morphological engineering of nanoparticles modi-
fies their photocatalytic, chemico-biological and optical properties
(Khan et al., 2019). Considering these cutting edge properties and
utilization of metal nanoparticles in various fields, several methods
such as chemical, electrochemical, chemical vapor deposition,
reduction by ionizing radiation, molecular beam epitaxial, and
chemical reduction methods with and without stabilizing poly-
mers have been explored for nanoparticles synthesis (Abou El-
Nour et al., 2010; Rane et al., 2018). Among these, chemical reduc-
tion method using a reducing and a capping agent has been fol-
lowed by many researchers (Ahari et al., 2018; Shenava, 2013).
This capping approach offer certain following economic benefits-
(i) cost effective methods and (ii) the chemical method can be
easily scaled up.

Among the metallic nanoparticle, AgNPs exhibit unique proper-
ties of optical, surface plasmon behavior, electronic and magnetic
behavior (Iravani et al., 2014). It has modifiable mechanical and
chemical properties. They also account for more than 55% commer-
cial value in total nanomaterial based products (Agnihotri et al.,
2014). AgNPs’ size may range from 8 to 100 nm. In the last two
decades, AgNPs have gained valuable attention due to their unique
physiochemical properties including but not limited to good con-
ductivity, chemical stability, and catalytic activity. The AgNPs have
also widely been used as antibacterial and antifungal agents with
low or nil cytotoxicity to animal cells (Shu et al., 2020).

Every year, infections caused by pathogenic bacterial species
affect a large population of humans globally which raises serious
concerns over deadly bacterial infections and their available treat-
ments (Ahmed et al., 2019). On the other hand, development of
drug resistance in pathogenic bacteria to many available antibi-
otics has further aggravated the problem (Hamilton et al., 2020).
Therefore, the quest for novel and effective antibacterial nanopar-
ticles becomes a need of the hour, help reducing the pathogenic
invasions and their adverse clinical outcomes in a cost effective
manner. In this regard, metal nanoparticles have shown significant
growth inhibitory or killing effects against drug resistant microbial
pathogens originally isolated from diseased human samples and
therefore, have been suggested as new generation material com-
bating pathogenic infections (Ameen et al., 2020a, 2020b). From
the array of metal nanoparticles, AgNPs in particular, are of great
importance and have proven to be useful as new nanoantibiotics
(Ameen et al., 2019) due to their unique but superior features
(Helmlinger et al., 2016). Besides, the antibacterial impact of AgNPs
is better than other metallic nanoparticles while exerting very little
negative influence on mammalian cells (Ivask et al., 2014). Due to
the abovementioned set of unique features and biocidal activity,
the AgNPs can effectually assist as antibiotic alternative or supple-
ment to antibiotic therapy against multidrug resistant bacteria
including the strains of Gram negative Escherichia coli, Pseu-
domonas aeruginosa and Gram positive Staphylococcus aureus
(Ahmed et al., 2019; Ali et al., 2018). Silver can destruct the bacte-
rial cells both in nanoparticle form or Ag+ ions released from
AgNPs. Mechanistically, AgNPs cause bacterial cell death as the fol-
lowing sequence of events: (i) binding of Ag+ to negatively charged
surface of cell membrane altering cell membrane potential and
morphology (Ahmed et al., 2018), (ii) interruption of respiratory
chain, (iii) induction of intracellular oxidative stress, (iv) leakage
of cytoplasmic content (Tripathi et al., 2017), and (iv) inhibition
of virulence factors like exopolysachharides, quorum sensing and
biofilm formation (Shah et al., 2019). Antibacterial nature of AgNPs
with oligodynamic action, broad spectrum microbial killing and
lower chances of development of resistance against them make
the AgNPs a robust candidate for antibacterial applications
(Shenava, 2013). The synthesis is more dependent on controlled
size, shape and stability in dispersion system. For AgNPs synthesis,
sodium borohydride (NaBH4) is a well-known strong reducing
2

agent, utilized to achieve small and uniform sized silver colloids.
In contrast, trisodium citrate is a weaker reducing agent resulting
in large sized AgNPs. Malonic acid (CH2(COOH)2) is a dicarboxylic
acid and malonates are the esters and salts of malonic acid and
its ionized form. The name originates from the Greek word lᾶkom
(malon) meaning ’apple’. Malonic acid has pendant ionized groups
that are capable to reduce the metal ions and form stable nanopar-
ticles. The stability and size of nanoparticles plays a decisive role in
determining their antibacterial potential (Tamiyakul et al., 2019).
Recently, some researchers have prepared and stabilized AgNPs
by using some carboxylic acids. For instance, a polymeric disper-
sant and a short chain carboxylic acid was used to prepare AgNPs
(Titkov et al., 2018). Similarly, citric acid and gallic acid mediated
AgNPs were synthesized recently (Kalaivani et al., 2016; Lunkov
et al., 2020). Organic acids possess a carboxylic (–COOH) group
which undergoes transformation in solution and releases a proton
(H+) and an electron (e�) (Shankar and Rhim, 2015). The electrons
released from –COOH groups reduce the silver metal ions (Ag+) to
zero valent form (Ag0). Moreover, if a reducing agent like NaBH4 or
trisodium citrate is used, they also strongly reduce the Ag+ ions.
After reduction, –COO- can stabilize the surface of positively
charged silver atoms.

Considering the importance of malonic acid and facile AgNPs,
the current work was designed to systematically accomplish the
following goals- (i) synthesis of malonic acid capped AgNPs
(AgNPs/MA) (ii) characterization of AgNPs by SEM, FT-IR and UV–
visible spectroscopy and (iii) assessment of antibacterial potential
of AgNPs/MA against five major bacterial pathogens including
E. coli, K. pneumoniae, P. aeruginosa, S. typhii, and S. aureus.
2. Materials and methods

Two main synthesis methods namely cold (reduction by NaBH4)
and hot (reduction by trisodium citrate) process were imple-
mented in this research work to produce AgNPs. The sodium boro-
hydride and trisodium citrate were used as reducing agents for the
reduction of silver ions (Ag+) to AgNPs. Reaction parameters like
temperature, molar concentration, stirring time, and pH were opti-
mized during the fabrication of AgNPs. The relative quantities and
concentrations of metal precursor, concentration of capping
agents, temperature, time for stirring and duration of reactions
were performed.
2.1. Synthesis of capped AgNPs/MA

Silver precursor i.e. silver salt (AgNO3) was prepared by Turke-
vich method which provides free Ag+ ions in reaction medium. Tri-
sodium Citrate (Na3C6H5O7) was incorporated as the reducing
agent and malonic acid was applied as capping agent. In a 10 mL
capacity flask, 1 mL of 4 mM Tri Sodium Citrate was added first
and heated to 70 �C, then dropwise mixture of 0.1 M NaOH
(0.5 mL) and malonic acid (7 mL) was added under vigorous stir-
ring on magnetic stirrer, for 10 min. A total of 1 mL silver nitrate
solution (10%) was added dropwise in the mixture. The content
was stirred for another 15 min or till the color changes to pale yel-
low. The color change was observed from colorless to bright
yellow.

4Agþ þ Na3C6H5O7 þ 2H2O !COOH CH2ð ÞCOOHð Þ
4Ag

�
COOH CH2ð ÞCOOHð Þ

þ C6H8O7 þ 3Naþ þ Hþ þ O2

In another set of synthesis experiment, NaBH4 was used as
reducing agent followed by capping with malonic acid to produce
AgNPs/MA. Ice-chilled 2 mM NaBH4 (1 mL) was added to a 10 mL
reaction flask and a mixture of solutions (7 mL of malonic acid
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solution and 0.5 mL of 0.1 M NaOH) was added dropwise under
constant stirring. Later, 1 mL (10%, of AgNO3 solution) was added
dropwise.

AgNO3 þ NaBH4 !COOH CH2ð ÞCOOHð Þ
Ag

�
COOH CH2ð ÞCOOHð Þ þ 1=2H2

þ 1=2B2H6 þ NaNO3

The solution turned from colorless to bright yellow and was
attributed to formation of AgNPs. The synthesized AgNPs/MA solu-
tion was stored in the dark at 4 �C. The resultant product was ana-
lyzed by UV–Vis spectrophotometer (Model number UV-1800
Parma Spec., Shimadzu, Japan), in the absorbance range of 300–
800 nm wavelength (Yan et al., 2014).

2.2. Characterization of AgNPs

AgNPs/MA formation was monitored by UV–Vis spectroscopy
with an increase in surface plasmon resonance (SPR) till the end
of reaction, whereas, dry powder of AgNPs/MA was characterized
by Fourier transform infrared (FT-IR) spectroscopy, scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM),
dynamic light scattering (DLS) and zeta-potential analyses.

2.3. Ultraviolet–Visible absorption spectroscopy (UV–Vis)

The photosensitive properties were acquired using UV–Vis
spectrophotometer (Model # UV-1800 Parma Spec., Shimadzu,
Japan). After adding the reducing and capping agent in a prede-
fined set of volumes, the color change from transparent to light
brown was observed and spectra were recorded. Various reaction
mixtures were prepared varying the molar concentration of AgNO3,
malonic acid, time of reaction, and pH of reaction mixture.

2.4. Fourier transform infrared spectroscopy (FT-IR)

After standardizing the reaction parameters, best combination
of molarity, pH, and time for the synthesis of trisodium citrate
and NaBH4 mediated and MA capped AgNPs was selected and the
ultimate product was dried in a vacuum oven at 60 �C to obtain
the fine powder of AgNPs. The obtained powder was characterized
by employing FT-IR technique to reveal the adsorption of func-
tional groups on the surface of AgNPs. The FT-IR analysis was per-
formed on Shimadzu IR-Prestige-21 for functional groups. The
spectral working range was 400–4000 cm�1. The sample discs for
FT-IR were prepared following KBr disc preparation method on
Model # EX-54175JMU.

2.5. Scanning and transmission electron microscopy (SEM/TEM) of
AgNPs

SEM analysis was carried out to determine the surface morphol-
ogy of AgNPs/MA and size distribution of particle aggregates
through SEM Model:JSM 6380A, JEOL Ltd, Japan. The fine powder
of AgNPs was stick on to a double sided carbon tape on aluminum
stubs and visualized under SEM at an accelerating voltage of 15 kV
for morphological analysis and to measure the diameter of particle
aggregates. For observing shape and diameter of AgNPs, TEM anal-
ysis was performed. Copper grids were prepared using a small vol-
ume of water dispersed AgNPs. After drying the Cu-grid for at least
6 h at 80 �C, the microscopy was performed and size of AgNPs was
calculated based on the observation of diameter.

2.6. Dynamic light scattering and zeta-potential analysis of AgNPs

To check the aggregation behavior of synthesized AgNPs in
solution, the hydrodynamic size was determined. Hydrodynamic
3

size plays a key role in biological activities of nanoparticles in solu-
tion. Also, it provides the information about toxicological profile of
a nanoparticle (Khurana et al., 2014). The DLS and zeta potential
measurements were carried out in double distilled water at a con-
centration of 50 lg/ml of AgNPs to assess the hydrodynamic size
and net positive or negative potential.

2.7. Antimicrobial susceptibility test

Disc diffusion method described earlier (Ameen et al., 2020)
was used to evaluate the antimicrobial efficacy of AgNPs/MA. The
potency of AgNPs/MA was checked alone and in synergism with
other some antibiotics such as azithromycin, sparfloxacin, cipro-
floxacin, gemifloxacin, and ofloxacin was performed by using disk
susceptibility technique (Kirby et al., 1966). The discs were loaded
with AgNPs/MA by disc soaking method using micropipette. A
50 ml of AgNPs/MA solution from stock concentration of 1 mg/ml
was used to be absorbed by discs. Discs loaded with AgNPs/MA
were placed in the petri dishes containing sterile Muller-Hinton
agar with bacterial cultures uniformly spread over it. A 0.5 McFar-
land standard (1.0 � 108 CFU/ml) bacterial cultures were used for
the assay. Antibiotics, nanoparticles and silver nitrates paper discs
were prepared by soaking them in 100 ppm solution of drugs, fol-
lowed by drying. Petri dishes were then incubated at 36 �C ± 1 �C,
for 24 h. Each experiment was performed in triplicates. Zones of
inhibition were carefully measured using digimatic calipers in mil-
limeters (Mitutoyo Rochester, NewYork) (K and J, 2017).
3. Results

3.1. Ultraviolet–Visible absorption spectroscopy (UV–Vis)

3.1.1. Synthesis of AgNPs/MA generated by hot process (reduction by
trisodium citrate)

Synthesis of AgNPs was performed with various combinations
of AgNO3 (0.5–1 mM) and MA molarities (0.25–4 mM), time (1–
10 min.) and pH (3–11). Three AgNO3 concentrations (0.5 mM,
0.75 mM and 1.0 mM) were added to MA concentrations 0.25,
2.12 and 4.0 mM and observed for 5, 10 and 15 min. The maximum
absorbance of AgNPs was recorded as 412 nm. The optimized con-
ditions were found as: 0.5 mM AgNO3 with 2.12 mM MA for 5 min
(Fig. 1a); 0.75 mM AgNO3 with 2.12 mM MA for 10 min. (Fig. 1b);
and 1 mM AgNO3 with 2.12 mM for 15 min. (Fig. 1c). Whereas pH
11 shows the optimum synthesis of capped AgNPs (Fig. 1d).

3.2. Synthesis of AgNPs/MA generated by cold process (reduction by
NaBH4)

Similarly, three AgNO3 concentrations (0.5 mM, 0.75 mM and
1.0 mM) were mixed with three concentrations of MA (0.25 mM,
2.12 mM and 4.0 mM) in various combinations and observed for
1 to 3 min. The AgNPs maximally absorbed the incidence light at
397 nm. The data revealed optimum production of AgNPs in the
following amalgamations: (i)0.5 mM AgNO3 + 4 mM MA with a
reaction time of 1 min. (Fig. 2a), (ii) 0.75 mM + 2.12 mM MA for
3 min. (Fig. 2b), and (iii) 1 mM AgNO3 + 4 mM with a reaction time
of 35 min. (Fig. 2c). While assessing the impact of reaction pH, pH
11 maximally enhanced the production of AgNPs followed by pH 8
and pH 9 (Fig. 2d).

3.3. Fourier transform infrared spectroscopy (FT-IR)

FT-IR measurements were performed to recognize the major
functional groups adsorbed on to the surface of AgNPs. The FT-IR
data revealed the role of tri sodium citrate and MA functional



Fig. 1. UV-vis spectroscopic analyses of AgNPs as a function of different combinations of AgNO3 and malonic acid molarity and time (Panels a–c) and pH of reaction medium
(panel D). The evidence of color change is presented at the top of each panel denoted with same letters as can be seen in the respective spectrum. The increasing
hyperchromic shift shows increasing surface plasmon resonance (SPR) of AgNPs/MA reduced by trisodium citrate under variable reaction condition.
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groups in effective capping of AgNPs. The FT-IR vibration assign-
ment of MA, TSC, and their AgNPs are presented in Table 1. The
peaks at 3462 cm�1 and 3485 cm�1 were very strong and broad
and could be assign to the hydroxyl groups (–OH). CO stretching
vibration was found in MA at 1311 and 1172 cm�1 which were also
present in C-AgNPs/MA. As per a scattering study of neutrons
(Bougeard et al., 1988) the broad signal at 3105 cm�1 was due to
two dimer rings of malonic acid (related to two identical > C = O
groups of malonic acid). A prominent and sharp peak observed at
1637 cm�1 (Fig. 3) and 1639 cm�1 (Fig. 4) appeared due to stretch-
ing of carbonyl (>C = O) group.

3.4. Dynamic light scattering and zeta potential

DLS analysis determined the colloidal nature of AgNPs in the
suspension with only one signal between 10 and 100 nm (Fig. 5a,
b). Z-average size distribution curve provided the information that
synthesized and stabilized H-AgNPs/MA and C-AgNPs/MA were
poly-dispersed in nature, with average diameter of 123.6 nm and
111.4 nm, respectively and PDI value were measured as 0.488
4

and 0.468 for H-AgNPs/MA and C-AgNPs/MA, respectively
(Fig. 5a,b).
3.5. Zeta potential

The analysis was conducted on Nano ZS zetasizer system (Mal-
vern Instruments) and the surface potential was found to be
�21.3 mV and �13.5 mV for H-AgNPs/MA and C-AgNPs/MA,
respectively (Fig. 5c,d).
3.6. Scanning and transmission electron microscopy

The synthesized and capped AgNPs were predominantly spher-
ical in shape. The average size based on the 50 readings of individ-
ual nanoparticles showed an average size of 20 nm by TEM
(Fig. 6a). The diameter of the nanoparticle aggregates was found
less than 100 nm in size by SEM. The SEM images also suggested
that the produced nanoparticles were uniform in shape (Fig. 6b).



Fig. 2. UV–vis spectroscopic analyses of AgNPs as a function of different combinations of AgNO3 and malonic acid molarity and time (panels a–c) and pH of reaction medium
(panel D). The evidence of color change is presented at the top of each panel denoted with same letters as can be seen in the respective spectrum. The increasing
hyperchromic shift shows increasing surface plasmon resonance (SPR) of AgNPs/MA reduced by sodium borohydride under variable reaction condition.
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3.7. Antimicrobial susceptibility test

Azithromycin with C-AgNPs/MA showed high antibacterial
activity against Pseudomonas aeruginosa with NaBH4 and C-
AgNPs/MA with TSC remained the same. Escherichia coli increased
from 1 to 1.5 for NaBH4, as well as it was more susceptibility to
TSC. In Salmonella it decreased. Antimicrobial activity was
increased for Klebsiella pneumoniae, for both the AgNPs with
sodium borohydride and above 2.5 for TSC (Fig. 7a). For the antibi-
otic sparfloxacin, the C-AgNPs/MA showed high antibacterial activ-
ity against gram negative bactera which experienced more
reduction than with TSC, these nanoparticles worked well against
P. aeruginosa, E.coli and K. pneumoniae, and it showed a zone of
inhibition of as 3 mm. (Fig. 7b). In case of ciprofloxacin, the AgNPs
does not any remarkable change for resistant, the results are
almost same for both AgNO3 and NaBH4, AgNPs (Fig. 8a). For the
antibiotic gemifloxacin, the C-AgNPs/MA and TSC showed antibac-
terial activity well against Pseudomonas aeroginosa and not any
other organism (Fig. 8b). The C-AgNPs did not show significant
antibacterial activity against ofloxacin (Fig. 9).
5

4. Discussion

The successful eradication of drug resistant clinical bacteria
associated with acute and chronic infections is gradually becoming
a serious issue and pose challenges to management of infectious
diseases due to the flexible or resilient nature of causal microor-
ganism (Yelin and Kishony, 2018). As per the reports, approxi-
mately 70% human bacterial pathogens have become resistant to
single or combination of antibacterial drugs (Ansari et al., 2014)
and biofilm forming bacteria among them cause 80% infectious dis-
eases (Kalia et al., 2019). To overcome the multi drug resistance
problem, the new class of antibacterial agents are urgently
required. In this context, AgNPs have the potential to profoundly
reduce the drug resistance and increased bacterial killing by AgNPs
alone or in synergy with antibiotics. To this end, five pathogenic
bacterial strains were grown in the presence of newly fabricated
AgNPs/MA and AgNPs/citrate established and the results showed
growth inhibiting potential of AgNPs. The toxicity pattern towards
bacterial cells was variable which could be due the structural com-
position of bacterial cells and cell wall thickness. Similar to our



Fig. 3. FT-IR spectral representation of capped AgNPs reduced by trisodium citrate.

Table 1
FT-IR peak assignment of MA, TSC, C-AgNPs/MA, and C-AgNPs/TSC.

Vibration Major IR
signal in
malonic
acid (MA)

Major IR
signals in
C-AgNPs/MA

Reference Vibration Major IR
signal in tri
sodium
citrate (TSC)

Major IR
signals
in C-AgNPs/TSC

Reference

O–H stretching 3105 3485 (Thorat et al., 2018) O-H stretching 3034 3462 (Thottoli and Unni, 2013)
Carbonyl stretching 1696 1637 (Thorat et al., 2018) Carbonyl stretching 1718 1639 (Thorat et al., 2018)

C–H bending 1435 1537 (Thottoli and Unni, 2013)
deformation CH 1411 1462 (Movasaghi et al., 2008) C-O stretching 1311 – (Thottoli and Unni, 2013)
C-O stretching 1311 1386 (Thottoli and Unni, 2013) C–H bending 910 – (Thottoli and Unni, 2013)
CO stretching 1172 1124 (Movasaghi et al., 2008) C–H bending 765 – (Thottoli and Unni, 2013)
C–H bending 912 1043 (Thottoli and Unni, 2013) C–H deformation 651 634 (Thottoli and Unni, 2013)
C–H bending 771 (Thottoli and Unni, 2013)
C–H deformation 655 (Thottoli and Unni, 2013)
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study, the bactericidal impact of AgNPs have also been reported
recently on E. coli, S. aureus, K. pneumoniae, S. typhii, B. cereus, P.
aeruginosa, and P. mirabilis (Huang et al., 2020; Kambale et al.,
2020; Mohanta et al., 2020). AgNPs also releases Ag+ ions in the
medium which simultaneously with AgNPs induce a double sword
impact on bacterial cells (Durán et al., 2016). The silver ions due to
electrostatic interactions with negatively charged teichoic acids
adversely affect bacterial cells. Due to thick peptidoglycan (PG)
layer, Gram positive bacteria such as S. aureus are less susceptible
than Gram negative bacteria. On the other hand, bacteria belonging
to Gram negative genera experience more destruction due to less
6

PG content. The negatively charged lipopolysachchrides (LPS) of
Gram negative bacteria also promote adsorption of AgNPs and
which increases the bacterial killing by multi folds (Dakal et al.,
2016). Although, antibacterial mechanisms have been explored in
great detail and the available literature on AgNP’s killing effect
suggests that AgNPs are able to inhibit the electron transport in
cellular membranes altering membrane permeability and
creating new pores which induces more intracellular uptake of
AgNPs and oxidative stress (Ahmed et al., 2018). Simultaneously,
sulphur and phosphorus containing molecules become one
of the targets of AgNPs, for instance, nucleic acids and proteins



Fig. 4. FT-IR spectral representation of capped AgNPs reduced by sodium borohydride.
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are inactivated by the action of AgNPs (Chernousova and Epple,
2013). Also, the generation of free radicals and uncoupling of
oxidative phosphorylation lead to bacterial cell killing (Saleem
et al., 2017).

Due to these antibacterial actions, AgNO3 has found numerous
biomedical applications (Tarannum et al., 2019). Fabrication of
AgNPs was done by using reducing agents like sodium borohydride
and tri sodium citrate and followed by capping with malonic acid.
The polydispersed, colloidal and capped AgNPs showed significant
antibacterial activity with NaBH4 against P. aeruginosa due to their
expanded surface area. To the best of our knowledge these are first
AgNPs capped with malonic acid and well characterized by UV–Vis,
FTIR, DLS, SEM/TEM and zeta potential. The colloidal AgNPs/MA
were also effective against both gram positive and gram-negative
bacteria. These results can be corroborated with earlier studies
(Mythili et al., 2018; Saravanan et al., 2018). The DLS analysis
showed the colloidal nature of AgNPs in the suspension with only
one signal between 10 and 100 nm which are close to those
obtained for AgNPs prepared by sodium citrate method (Jeong
et al., 2014). Dispersion or distribution of AgNPs in colloidal solu-
tion can be revealed by polydispersity index analysis. The polydis-
persity index value between 0.1 and 0.3 denotes stable AgNPs
dispersion with low frequency of particle aggregation (Ardani
et al., 2017; De Melo et al., 2020). In our study, the PDI value were
measured as 0.488 and 0.468 for H-AgNPs/MA and C-AgNPs/MA,
respectively which suggest high polydisperse nature of AgNPs
(Ardani et al., 2017). The mechanism of AgNPs/MA fabrication
7

and its antibacterial activity can be summarized in the following
steps. Carboxylic groups of malonic acid release electrons in the
medium which reduces Ag+ ions liberating from AgNO3 and pro-
duces zero-valant silver (Ag0). The color change of the reaction
medium could be due to the increasing surface plasmon resonance
(SPR) which consistently increases depending upon the concentra-
tion of Ag+ ions, malonic acid, tri sodium citrate, temperature, time,
and pH until the reaction stops. The zero-valant silver atoms forms
aggregates being controlled by malonic acid capping and restricted
to a defined size and termed malonic acid capped AgNPs, which
however would have formed large size and unstable AgNPs in
the absence of malonic acid. The interactions during the capping
may involve Van der Waals force of attraction, electrostatic inter-
action, and co-valent bond formation. When cells of five bacterial
pathogens E. coli, P. aeruginosa, K. pneumoniae, S. typhi, and S. aur-
euswere exposed to AgNPs, the antibacterial action of AgNPs could
be due to the following steps of cell penetration and toxicity by
AgNPs- adsorption, intracellular uptake, destruction of cell mem-
brane thereby generating reactive oxygen species (ROS), leakage
of cellular materials like nucleic acids, proteins, enzymes, etc.,
eventually leading to death of bacterial cells. Broadly, positively
charged Ag+ ions released from AgNPs are attracted by negatively
charged sulphur (S) and phosphorus (P) containing cell envelope
or intracellular molecules such as membrane lipids, proteins, and
nucleic acids which leads to bacterial cell deformation followed
by loss of metabolism and cell death (Akter and Huq, 2020;
Garibo et al., 2020).



Fig. 5. Size distribution by number (percent) measured by DLS analysis of capped AgNPs reduced with A) tri sodium citrate and B) sodium borohydride, and zeta potential
(ZP) analysis of capped AgNPs reduced with C) tri sodium citrate and D) sodium borohydride.

Fig. 6. Scanning electron micrographs of capped AgNPs reduced with a) tri sodium citrate and b) sodium borohydride.
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5. Conclusion

In the present study, the synthesis of AgNPs with the help of
malonic acid capping was observed. AgNPs showed antibacterial
effects against several Gram positive and Gram negative bacteria.
Due to the synergistic effect of the AgNPs with the antibiotics like
ofloxacin, sparfloxacin, ciprofloxacin, gemifloxacin, and azithromy-
8

cin the antibacterial performance of antibiotics was enhanced. Azi-
thromycin with C-AgNPs/MA showed maximum antibacterial
activity against P. aeruginosa with NaBH4. AgNPs were stable and
polydisperse in nature with substantially low diameter at nanos-
cale. Negative zeta potential suggested that AgNPs were not
agglomerated which was one of the reason of good antibacterial
activity of AgNPs. Conclusively, the malonic acid capped AgNPs



Fig. 7. Antibiotics susceptibility test for azithromycin (a) and sparfloxcin (b).
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Fig. 8. Antibiotics susceptibility test for ciprofloxacin (a) and gemifloxacin.

Fig. 9. Antibiotics susceptibility test for Ofloxacin.
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produced through an inexpensive and fast reaction could be a suit-
able alternative of ineffective antibiotics and can be applied in dif-
ferent applications.
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