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Synthetic cationic polymer-mediated synthesis of silver nanoparticles and selective antimicrobial activity of the
same were demonstrated. Polyethyleneimine (PEI)-coated silver nanoparticles showed antimicrobial activity
against Acinetobacter baumannii as a function of the polymeric molecular weight (MW) of PEI. Silver nanoparticles
were coated with PEI of three different MWs: Ag-NP-1 with PEI exhibiting a MW of 750,000, Ag-NP-2 with PEI
exhibiting a MW of 1300, and Ag-NP-3 with PEI exhibiting a MW of 60,000. These nanoparticles showed a particle
size distribution of 4–20 nm. The nanoparticles exhibited potent antimicrobial activity against A. baumannii, with
the minimum inhibitory concentration of Ag-NP-1, Ag-NP-2, and Ag-NP-3 on the order of 5, 10, and 5 μg/mL,
respectively, and minimum bactericidal concentration of Ag-NP-1, Ag-NP-2, and Ag-NP-3 on the order of 10, 20,
and 10 μg/mL, respectively. Fluorescence imaging of Ag-NPs revealed selective transfusion of Ag-NPs across the
cell membrane as a function of the polymeric MW; differential interaction of the cytoplasmic proteins during
antimicrobial activity was observed.

INTRODUCTION
The technologies for introducing a cationic charge on inor-

ganic materials (including nanoparticles) typically involve sur-

face grafting with amine groups and coating with cationic

polymers (e.g., polyethyleneimine (PEI), poly-amidoamine,

and poly-lysine) through either covalent or electrostatic associ-

ation [1,2,3]. PEIs are synthetic cationic polymers that compact

DNA and siRNA into complexes, which are taken up in cells

[3]. Since the cytotoxicity of PEI coating can interfere with

the efficacy of the delivery system, it is possible that by selecting

optimal polymeric lengths to control transfusion efficiency, one

may simultaneously reduce or eliminate toxic effects of cationic

polymer-coated nanoparticles. In turn, this directed us to investi-

gate the synthesis and coating of silver nanoparticles (Ag-NPs) by

PEI as a function of polymeric molecular weight (MW) [4,5].

We are interested in the interaction of PEI-coated Ag-NPs

with multidrug-resistant (MDR) microbes [5,6,7,8]. Silver is

considered to be a Lewis acid [9], which has the tendency to

react with a Lewis base; Lewis bases include phosphorous-

and sulfur-containing biomolecules, the major components of

the cell membrane, proteins, and DNA bases. Hence, Ag-NPs

can accumulate on the cell membrane and cause morphological

changes such as shrinkage of the cytoplasm, membrane detach-

ment, and the formation of numerous electron-dense pits,

resulting in the disruption of the cell membrane [7,10,11]. A

cationic polymer coating may allow for the selective transfusion

of silver nanoparticles.

We have already demonstrated that PEI along with an

organic reducing agent allows for controlled synthesis of gold

nanoparticles [12]. Since the amine functionality of cationic

polymer enables microwave activity, it is desirable to control

the reduction of the noble metal cation under microwave incu-

bation. Interestingly, we have observed rapid synthesis of

PEI-coated silver nanoparticles within less than 1 min under

Article
DOI: 10.1557/jmr.2020.183

▪
Jo
ur
na
lo

f
M
at
er
ia
ls
Re
se
ar
ch
▪

Vo
lu
m
e
35
▪

Is
su
e
18
▪

Se
p
28
,2
02
0
▪

w
w
w
.m
rs
.o
rg
/jm

r

© Materials Research Society 2020 cambridge.org/JMR 2405

https://orcid.org/0000-0002-6053-902X
mailto:rjnaraya@ncsu.edu
mailto:pcpandey.apc@iitbhu.ac.in
http://www.mrs.org/jmr
http://www.cambridge.org/JMR


microwave incubation. In addition, the process of nanoparticle

formation may further be controlled as a function of MW of

the synthetic polymer. The antimicrobial activity of the nano-

particles was examined using Acinetobacter baumannii, which

is the predominant cause of hospital-acquired infections in

intensive care unit-admitted patients; clinical manifestations

of infection include pneumonia, bacteremia, wound infections,

and urinary tract infection. The antimicrobial activity of several

new types of nanomaterials has recently been demonstrated.

For example, Matharu et al. demonstrated the antimicrobial

activity of tungsten nanoparticles and tungsten nanocomposite

fibers against bacteriophage T4, Escherichia coli, and

Staphylococcus aureus [13]; the antimicrobial activity of gra-

phene nanoparticles was also recently demonstrated [14].

One recent study demonstrated that fluorescence imaging

can be used to understand protein–nanoparticle interactions

[15]. Silver nanoparticles with cationic polymers may alter

either intrinsic fluorescence of surface-active proteins or main-

tain high transfusion efficiency across the bacterial cell mem-

brane; the fluorescence behavior of cytoplasmic fluorescent

biomolecules may provide insight in this process. The wide var-

iation in PEI MW between 1300 and 75,000 may allow for the

selective transfusion of PEI-coated Ag-NPs across the bacterial

cell membrane. Indeed, valuable information on the impact of

cationic polymeric MW on antimicrobial activity may be

obtained. The antibacterial activity of the Ag-NPs [7,16] as

detected by fluorescence imaging may be attributed to surface-

binding properties, active biomolecule/ion release, and/or gen-

eration of high oxidative stress [7,17,18] as a function of the

polymeric coating on the silver nanoparticles. In this study,

fluorescence imaging of PEI-coated Ag-NPs with three differ-

ent MWs was used to understand nanoparticle–Acinetobacter

baumannii cell membrane interactions, specifically antimicro-

bial activity, as a function of PEI MW.

RESULTS AND DISCUSSION
Polyethylenimine-mediated synthesis of silver
nanoparticles

PEI-mediated synthesis of gold nanoparticles under ambient

conditions has been studied in detail [12]. The PEI-capped sil-

ver cation allowed microwave-assisted reduction of silver cat-

ions in the presence of an organic reducing agent, namely

cyclohexanone or formaldehyde, leading to the formation of

three different silver nanoparticles. Figure 1(A) shows the for-

mation of silver nanoparticles coated with PEI of three different

MWs, such as Ag-NP-1, Ag-NP-2, and Ag-NP-3. Figure 1(Aa)

shows the results recorded from Ag-NP-1, Fig. 1(Ab) shows the

results recorded from Ag-NP-2, and Fig. 1(Ac) shows the

results recorded from Ag-NP-3. The process allowed for

rapid formation of Ag-NPs regardless of MW. The properties

of Ag-NP-1, Ag-NP-2, and Ag-NP-3 differed as a function of

MW. The concentration of PEI also affected the synthesis of

Ag-NPs. The Ag-NPs were characterized by transmission elec-

tron microscopy (TEM) [Fig. 1(B)] and by zeta potential mea-

surements [Fig. 1(C)].

Bactericidal activity, minimum inhibitory
concentration, and minimum bactericidal
concentration of Ag-NPs

The three Ag-NPs showed bactericidal activity against A. bau-

mannii; a variation in bactericidal activity was noted on the

basis of MW [Fig. 2(a)]. The minimum inhibitory concentra-

tion (MIC) and minimum bactericidal concentration (MBC)

values of each silver nanoparticle (Ag-NP) were determined

by the broth microdilution method in flat bottom sterile micro-

titer plates. The MBC values for Ag-NP-1, Ag-NP2, and

Ag-NP3 against the strain of A. baumannii were 5, 10, and

5 μg/mL, respectively. The MBC values for Ag-NP-1,

Ag-NP2, and Ag-NP3 were 10, 20, and 10 μg/mL, respectively

[Fig. 2(b)]. It was observed that the antibacterial activity of

Ag-NPs depends on the MW of PEI (Fig. 2). Furthermore, it

was observed that Ag-NPs capped with high-molecular-weight

PEI had more potent bactericidal activity than Ag-NPs capped

with low-molecular-weight PEI. The differential bactericidal

activity may be attributed to the differences in branching of

PEI among the samples; the highly branched PEI (MW

750,000)-capped Ag-NPs (Ag-NP-1) and moderate branched

PEI (MW 60,000)-capped Ag-NPs (Ag-NP-4) showed lower

MIC values than unbranched PEI (MW 1300)-capped

Ag-NPs (Ag-NP-2). As such, it appears that branched PEI

interacts more stably with the outer membrane of A. bauman-

nii, which in turn destabilizes the bacterial cell membrane.

Dynamic fluorescence quenching of fluorescein by
PEI-capped Ag-NPs

It has previously been demonstrated that the bactericidal ability

of Ag-NPs is potentiated by light [13]. The photosensitization

phenomenon was explored to understand the dynamic interac-

tion between silver nanoparticles and proteins. To trigger light

emission, we chose to utilize fluorescein, which shows emission

in the visible range. Silver nanoparticles showed good quench-

ing of fluorescence; as such, fluorescence imaging was used to

understand protein–nanoparticle interactions. In the present

work, we have analyzed the quenching behavior of

PEI-capped Ag-NPs in the presence and absence of A. bau-

mannii; fluorescein was used as a fluorophore in these studies.

It was observed that as-synthesized Ag-NPs quenched the

intrinsic fluorescence of fluorescein molecules by nearly 60%

[Figs. 3(A) and 3(B)]. However, when cells (104 cells) were
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Figure 1: (A) UV–Vis spectra of (a) Ag-NP-1, (b) Ag-NP-2, and (c) Ag-NP-3. (B) TEM images along with the respective SAED pattern of (a, b) Ag-NP-1, (c, d) Ag-NP-2
and (e, f) Ag-NP-3. (C) Zeta potential of (i) Ag-NP-1, (ii) Ag-NP-2, and (iii) Ag-NP-3.
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added in the media, the quenching percentage decreased signif-

icantly to 40% (with an associated increase in cell number).

The quenching subsequently decreased to 10%. In order to

understand the quenching dynamics of the Ag-NPs, 3D fluo-

rescence spectra [Fig. 3(C)] were recorded; the results of

these studies indicate that Ag-NPs show more affinity toward

cell surface-expressed proteins than fluorescein molecules in a

cell number-dependent manner. The mechanism of this

dynamic quenching behavior of Ag-NPs is shown in Scheme 1.

Cell surface interaction and membrane breakage of
A. baumannii cells by Ag-NPs

The 2D (Fig. 4) and 3D (Fig. 5) intrinsic fluorescence spectra of

standard protein bovine serum albumin (BSA) and A. bauman-

nii cells were recorded using EEM at 280/300 nm with control

and after treatment with Ag-NPs with several MWs for 1 or

3 h. It was observed that in the control system, standard protein

BSA and A. baumannii cells showed an intrinsic fluorescence

emission on 330 nm (the peak associated with tryptophan);

no other emission peak was observed. After treatment with

PEI-capped Ag-NPs for 1 h, it was observed that Ag-NP-2

interacted very quickly with tryptophan residues of BSA and

cell surface-expressed proteins; as a result, tyrosine residues

(with a peak at 310 nm) were exposed, followed by denatura-

tion of the quaternary structure of the protein. Ag-NP-1 and

Ag-NP-3 showed similar interactions with BSA and cells;

quenching in the intrinsic fluorescence of proteins up to 60%

and partial denaturation were observed [Figs. 4(ai,ii) and 5

(a)]. Furthermore, when the incubation time was increased

to 3 h [Fig. 4(bi,ii)], the dynamics of interaction with BSA

was changed; Ag-NP-1, Ag-NP-2, and Ag-NP-3 showed dena-

turation of the quaternary structure of the protein, exposing

tyrosine residues. Moreover, in the presence of A. baumannii,

Ag-NP-1 and Ag-NP-3 showed greater quenching in fluores-

cence; Ag-NP-2 completely denatured the surface proteins. In

order to understand cell membrane damage, cells were incu-

bated for 6 h with different Ag-NPs; centrifugation of the cell-

containing solution was performed; fluorescence spectroscopy

(EX/EM at 280/300 nm) of the supernatant was recorded as

shown in Fig. 6. It was found that all three Ag-NPs caused par-

tial and complete denaturation of proteins, indicating cell

membrane breakage.

The possible mechanism of membrane breakage is that

Ag-NP-1s exhibit a larger size and a higher cationic activity

in comparison to Ag-NP-2s and Ag-NP-3s. In turn,

Ag-NP-1s are unable to pass the outer membrane and interfere

with membrane potential, denaturing the surface-expressed

proteins; this process results in the generation of reactive oxy-

gen species, followed by an oxidative burst by the cell.

Ag-NP-2s and Ag-NP-3s are smaller in size and have lower

MWs; these particles can pass easily through the outer mem-

brane via porins. They can enter the cell via channels and inter-

act with both cytoplasmic proteins and transmembrane proteins,

resulting in the collapse of cellular physiology (Scheme 2).

Accordingly, polymeric MW plays a central role not only in

the synthesis of silver nanoparticles, but also in the selective

transfusion ability of Ag-NPs across the cytoplasmic wall.

The Ag-NP-2s made with PEI exhibiting a MW of ∼1300
allow high efficiency of Ag-NP-2 transfusion and selective

interaction with cytoplasmic biomolecules (as evidenced from

the fluorescence imaging, which revealed an additional

Figure 2: (a) The antibacterial property assessment plate. (b) MIC and MBC (μg/mL) values of each Ag-NPs against A. baumannii planktonic cells. TC represents test
control and NC represents negative control.
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fluorescence peak between 420 and 440 nm). The impact of the

cationic polymeric weight on selective movement of Ag-NP-2

and Ag-NP-3 across the cytoplasmic membrane as described

in this manuscript has not previously been described.

The toxicity of silver nanoparticles is an important param-

eter that affects the clinical use of these materials; the findings

on the stability of silver nanoparticles during antimicrobial

action seem to be quite reasonable. The earlier finding

Figure 3: (A) 2D fluorescence dynamic quenching of fluorescein by PEI-capped Ag-NP in the absence and presence of A. baumannii cells. (B) Bar diagram showing
% quenching and dequenching of fluorescein by Ag-NP: (a) control, (b) in the presence of Ag-NP, (c) on the addition of 104 cells, and (d) on the addition of 108

cells. (C) 3D fluorescence imaging on dynamic quenching of fluorescein by Ag-NP: (i) control, (ii) in the presence of Ag-NP and the absence of cell, and (iii) in the
presence of 104 cells and in the presence of 108 cells.
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demonstrated that AgNP affects the cell wall; it does not kill the

cell [19]. In addition, the study indicated that AgNP is not toxic

to the E. coli K-12 strain, whereas silver ions showed potent

toxicity under similar conditions [20]. These previous studies

directed the current evaluation of AgNP function. Overall, in

environmental assessments, considerations of the combined

toxicity of dissimilar NPs will allow more accurate assessments

of their environmental risks.

CONCLUSIONS
The synthesis and antimicrobial activity of cationic polymer-

coated Ag-NPs as a function of polymeric MW was reported

in the present study. Selective transfusion of Ag-NPs across

the cell membrane was observed; the Ag-NPs interfered with

the membrane integrity by interacting with surface-expressed

proteins and showed antimicrobial efficiency based on MW.

A new fluorescence peak was noted for PEI with a MW of

1300; this feature was absent when similar observations were

recorded using Ag-NPs made using PEI with MWs of

750,000 and 60,000; this work indicates that the hydrodynamic

radius of the AgNPs affects the transfusion of the AgNPs in A.

baumannii.

MATERIALS AND METHODS
Materials

AllMWPEI, silver nitrate (AgNO3), fluorescein, and bovine serum

albuminwere obtained fromSigmaAldrich (Bangalore,Karnataka,

India). Bacterial culture media such as Muller Hinton Broth

(MHB), Muller Hinton Agar (MHA), and Nutrient Broth (NB)

were purchased from Hi-Media Laboratories Ltd. (Mumbai,

Maharashtra, India). Plasticware was purchased from Tarsons

Product Pvt. Ltd. (Kolkata, West Bengal, India). The antibiotics

Scheme 1: Mechanism showing the possible dynamic quenching behavior of PEI-capped Ag-NPs to fluorescein and interaction with A. baumannii.
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and other routine chemicals were purchased from Sigma Aldrich

(St. Louis, MO, USA). The organic solvents were purchased from

Merck Life Science Private Limited (Bangalore, Karnataka,

India). All of the reagents were analytical grade.

Bacterial strain

We have isolated one strain of A. baumannii from the endotra-

cheal tube secretions of one ICU-admitted male patient who

developed ventilator-associated pneumonia. This strain was

identified based on the culture characteristics on MacConkey

agar, blood agar, and Gram stain. Biochemical tests included

catalase, oxidase, sugar fermentation test, and citrate utilization

test. On antibiotic susceptibility testing, this strain was only

sensitive to polymyxin B; it showed resistance to the other

tested antibiotics, which include amoxicillin-clavulanic acid,

ceftazidime, gentamycin, amikacin, ciprofloxacin, levofloxacin,

ampicillin-sulbactam, piperacillin-tazobactam, and the carba-

penem group of antibiotics.

Synthesis of PEI-functionalized silver nanoparticles

PEI-1 (MW 750,000) and cyclohexanone-mediated
synthesis of Ag-NP-1

Ethylene glycol (120 μL) and a methanolic solution of 1-vinyl

2-pyrrolidone (50 μL of a 250 mM solution) were placed in

2 mL glass vial, followed by the addition of a methanolic solution

of AgNO3 (10 μL of a 10 mM solution), PEI (150 μL of a 100 mg/

mL solution), and cyclohexanone (20 μL). The reaction mixture

was thoroughly mixed on a vortex mixer for 30 s and placed in

a microwave oven for 15 s. The cycle was repeated four to six

times in the microwave oven, resulting in the appearance of a

deep yellow color that indicated the formation of Ag-NP-1.

Figure 4: (a) (i) 2D fluorescence spectra of BSA and Ag-NP-1, Ag-NP-2, and Ag-NP-3 incubated for 1 h. (ii) 2D fluorescence spectra of A. baumannii and Ag-NP-1,
Ag-NP-2, and Ag-NP-3 incubated for 1 h along with control. (b) (i) 2D fluorescence spectra of BSA and Ag-NP-1, Ag-NP-2, and Ag-NP-3 incubated for 3 h. (ii) 2D
fluorescence spectra of A. baumannii and Ag-NP-1, Ag-NP-2, and Ag-NP-3 incubated for 3 h along with control.
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PEI-2 (MW 1300) and formaldehyde-mediated
synthesis of Ag-NP-2

Ethylene glycol (120 μL) and a methanolic solution of 1-vinyl

2-pyrrolidone (50 μL of a 25 mM solution) were placed in a

2 mL glass vial, followed by the addition of a methanolic solu-

tion of AgNO3 (10 μL of a 10 mM solution), PEI (20 μL of a

6.25 mg/mL solution), and formaldehyde (10 μL). The reaction

mixture was thoroughly mixed on a vortex mixer for 30 s and

Figure 5: (a) 3D fluorescence contour
plot of BSA (5 μg/mL) in the absence
of Ag-NP and after incubation for 1 h
at room temperature with (i) Ag-NP-1,
(ii) Ag-NP-2, and (iii) Ag-NP-3. (b) 3D
fluorescence contour plot of A. bau-
mannii cells (106 cells/mL): (i) in the
absence of Ag-NPs and after incuba-
tion for 1 h at room temperature
with (ii) Ag-NP-1, (iii) Ag-NP-2, and
(iv) Ag-NP-3.
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placed in a microwave oven for 15 s. The cycle was repeated

two to five times in a microwave oven, resulting in the appear-

ance of a deep yellow color that indicated the formation of

Ag-NP-2.

PEI-3 (MW 60,000) and cyclohexanone-mediated
synthesis of Ag-NP-3

Ethylene glycol (120 μL) and a methanolic solution of 1-vinyl

2-pyrrolidone (50 μL of a 50 mM solution) were placed in

2 mL glass vial, followed by the addition of a methanolic solu-

tion of AgNO3 (10 μL of a 10 mM solution), PEI-3 (16.4 mg/

mL; 100 μL), and cyclohexanone (20 μL). The reaction mixture

was thoroughly mixed on a vortex mixer for 30 s and placed in

a microwave oven for 15 s. The cycle was repeated two to three

times in a microwave oven, resulting in the appearance of a

deep brown color that indicated the formation of Ag-NP-3.

Characterization of functionalized Ag-NPs

All of the Ag-NPs were characterized using a U-2900 UV-Vis

spectrometer (Hitachi, Tokyo, Japan) over the scan range of

250–800 nm. Transmission electron microscopy and electron

diffraction (SAED) analysis of Ag-NPs was carried out using

a Tecnai G2 20 Twin instrument (FEI, Hillsboro, OR, USA)

at the IIT(BHU) Central Instrumentation Facility. Samples

Figure 6: 2D fluorescence spectra of the supernatant obtained after centrifu-
gation of the reaction mixture of A. baumannii cells (106 cells/mL) after incu-
bation with Ag-NP-1, Ag-NP-2, and Ag-NP-3.

Scheme 2: Model of the possible bactericidal mechanism of Ag-NP-1, Ag-NP-2, and Ag-NP-3 against A. baumannii.
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were prepared by diluting the Ag-NPs in methanol and drop-

casting the solution on carbon-coated copper grids of 300

mesh. Zeta potential analysis was performed using a

Zetasizer instrument (Malvern Panalytical, Malvern, UK).

Assessment of antibacterial activity and MIC and
MBC determinations of Ag-NPs

The silver nanoparticles were evaluated for their activity against

A. baumannii using the 2-fold serial dilution method [21]. The

MIC and MBC values of synthesized Ag-NPs against A. bau-

mannii were determined using the broth microdilution method

in a flat bottom sterile 96-well microtiter plate as described pre-

viously [22,23,24]. In short, an overnight grown culture of A.

baumannii in MHB medium was centrifuged; the obtained pel-

let was resuspended in fresh MHB medium for 4 h to achieve

log phase at 37 °C. A 0.5 MacFarland bacterial suspension con-

taining 0.5 × 108 cells/mL was prepared for further downstream

processing [25]. A working suspension of 112 μg/mL for each

type of Ag-NP was prepared; 100 μL of each suspension was

distributed in each well using the double dilution approach;

the final concentration was between 0.43 and 112 μg/mL.

Subsequently, 100 μL of 0.5 MacFarland bacterial suspension

was added in each well. Polymyxin B was used as a positive

control; no Ag-NPs were placed in the test control. The micro-

titer plate was incubated at 37 °C for 24 h; visual demonstration

of complete bacterial inhibition (i.e., a visually clear well) was

recorded as the MIC. Subsequently, a 5 μL suspension from

the plate was sub-cultured on the MHA plates for 24 h; bacte-

rial growth on the plate was subsequently observed. The MBC

was determined as the concentration of Ag-NPs for which no

growth was observed on sub-cultured plates.

Fluorescence spectroscopic studies

All of the fluorescence (2D and 3D) spectroscopic studies were

carried out on a F-7000 fluorescence spectrophotometer

(Hitachi, Tokyo, Japan) in ultra-purified water.

Determination of dynamic quenching of
fluorophore fluorescein by PEI-capped Ag-NPs

An aqueous solution of fluorescein (10 μm) was prepared;

emission spectra at an excitation wavelength of 450 nm (EEM

450–510 nm for 3D spectra) were recorded, followed by the

addition of an aqueous suspension of PEI-capped Ag-NPs

(20 μL of 5 μg/mL solution). In the same suspension, 104

cells of A. baumannii (log-phase cells, washed two times with

sterile purified water) were added and incubated for 10 min;

2D and 3D spectra were subsequently recorded. 108 cells/mL

were subsequently added to the same suspension; the emission

spectra were recorded.

Cell surface-expressed protein–Ag-NP interaction
and membrane fracture studies

A log-phase culture that was grown in a nutrient broth of A.

baumannii was centrifuged at 8000 rpm for 6 min; it was

then washed two to three times with sterile purified water

and adjusted to a concentration of 104 cells/mL in water.

Intrinsic fluorescence spectra of the surface-expressed proteins

were recorded using excitation/emission matrix spectroscopy at

280 and 300 nm. All of the as-prepared Ag-NPs were incubated

with 104 cells/mL. MICs were recorded for 1 or 3 h in three dif-

ferent tubes; fluorescence spectra were obtained using 2D and

3D EEM. Data were obtained using bovine serum albumin

(2 μg/mL) in the same manner as cells. All of the

PEI-functionalized Ag-NPs were incubated at the correspond-

ing MBC with 106 cells/mL for 6 h at room temperature. After

6 h, the cell suspensions were centrifuged for 10,000 rpm for

6 min. The supernatant was collected; 2D fluorescence spectra

were recorded separately using EEM at 280 and 300 nm.
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