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Herein, an effort was made to investigate the antibacterial potential of agarose nanoparticles (ANPs) and 
poly(quaternary ammonium) modifi ed ANPs (mANPs) against Escherichia coli (gram-negative bacterium) and 
Staphylococcus aureus (gram positive bacterium) in liquid systems as well as on agar plates. ANPs were synthesized 
by nanoprecipitation technology and characterized by XRD, TEM, TGA, DTA and DLS. The particle size estimated 
was 30 nm while atomic force microscopy was used to observe the interaction of ligand on ANPs. Antimicrobial 
characterization was monitored by colony forming units (CFU) as a function of ANPs concentration on agar plates. 
It was observed that ANPs showed 15 x 109/ml CFU after 24 hours of incubation at 20 mM ANPs concentra-
tion while the modifi ed ANPs exhibited 21 x 109/ml CFU under similar incubation conditions. Moreover, zone of 
inhibition (ZOI) was 2.9 and 3.8 cm, respectively for E. coli by ANPs at 0.2 and 0.4 mM, respectively while it was 
3.2 and 3.8 cm respectively by modifi ed ANPs under similar conditions. Similarly, ZOI for S. aureus by ANPs at 
0.2 and 0.4 mM was observed at 3.1 and 4.0 cm, respectively, while these values were 3.5 and 4.1 cm, respectively 
for modifi ed ANPs under similar incubation conditions.  
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INTRODUCTION

       Owing to their excellent opto-electronics and several 
biomedical applications, last decade had attracted re-
searchers to synthesize polymer based metal nanoparticles 
for diverse applications1, 2. In this regard, biopolymers 
have become the preferred choice as polymer matrices 
due to their easy availability, inexpensive and environ-
mental friendly nature3, 4. Moreover, the presence of 
oxygen rich functionalities (eg. cellulose, starch and 
alginic acid) and their affi nity towards metals make them 
ideal candidates for stabilizing nanoparticles5.

Interactions between metals and microbes have emer-
ged as an important aspect in several biotechnological 
applications including biominearlization, bioremediation, 
biotechnology and microbial corrosion, thereby leading 
to the development of nanoparticle based antimicrobial 
agents. They exhibited strong inhibitory and bactericidal 
effects as well as broad spectrum of antimicrobial activi-
ties6, 7. It should be noted that due to the development 
of resistant strains of bacteria to bactericides and anti-
biotics, massive need arises to explore novel methods to 
formulate new types of safe and cost effective material 
against such microbes8. Hence, the antimicrobial nature 
of nanoparticles showed promising feature which can be 
exploited in the medical fi eld.

Hence, in this study, efforts were raised to develop 
a simple, effi cient and inexpensive procedure to eva-
luate antibacterial effect induced by poly (quaternary 
ammonium) functionalized ANPs. 

RESEARCH METHODOLOGY

Synthesis and modifi cation of agarose nanoparticles
Agarose nanoparticles [ANPs] were prepared by na-

noprecipitation technique. Briefl y, agarose solution was 
prepared by dissolving it in dimethyl sulfoxide (1% w/v) 
followed by its addition to 1.5% w/v polyvinyl alcohol 
(30 ml) by using magnetic stirrer (Tarson spinnot digital) 
at 1000 rpm for 10 min at room temperature. Finally, 
n-butanol (2 ml) was added and stirred continuously for 
5 min. The obtained nanoparticles were washed thrice 
by distilled water in order to remove byproducts bound 
to nanoparticles. They were freeze-dried and compres-
sed at room temperature for few minutes and left at 
room temperature for two hours. In order to modify 
the surface of obtained ANPs, they were suspended in 
poly (quaternary ammonium) salt in a shaker at 250 
rpm for 4 h. The activated support was removed by 
centrifugation, washed twice with deionized water and 
kept at room temperature for further use. 

XRD, TEM, TGA and DTA of the synthesized ANPs 
 These experiments have been discussed in detail in 

the manuscript entitled “Functionalization of agarose 
nanoparticles by galactose for effi cient production of 
lactose-free dairy products” accepted in Brazilian Jo-
urnal of Chemical Engineering having manuscript no. 
BJCE-2015-0319R1.

DLS of ANPs and AFM of modifi ed nanomatrix
A laser diffraction method based on Mie-scattering 

theory was used to determine the particle size distribu-
tion of the powder. In order to fi nd out the particles 
size distribution, ANPs were dispersed in water by horn 
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type ultrasonic processor followed by the particles size 
distribution in computer controlled particle size analyzer 
[Malvern Instruments Nano ZS]. In another experiment, 
tapping mode AFM experiments of poly (quaternary 
ammonium) modifi ed ANPs was performed using com-
mercial etched silicon tips as AFM probes by exposing the 
modifi ed nanoparticle with typical resonance frequency 
of ca. 300 Hz (RTESP, Veeco, Japan).

Disc Diffusion Method
Antibacterial assays were performed by standard disc 

diffusion method in which nutrient broth (1 g beef 
extract, 1 g peptone, 0.5 g NaCl dissolved in 100 ml of 
double distilled water) was used to cultivate bacteria. The 
media was autoclaved and cooled, and poured in petri 
dishes and kept for 30 minutes for solidifi cation. After 
30 minutes, the fresh overnight cultures of inoculums 
(100 μl) of two different cultures were spread on to 
solidifi ed nutrient agar plates. Sterile paper discs (5 mm 
diameter) made of Whatman fi lter paper (dipped in 50 
mg/litre ANPs) was placed in each plate. The cultured 
agar plates were incubated at 37oC for 24 h. After 24 
h of incubation, the zone of inhibition was investigated.

CFU Measurement
E.coli was used for measuring colony forming units 

(CFU) on solid medium plate. Samples treated with dif-
ferent concentrations of ANPs and mANPs were spread 
on nutrient agar plates. These samples were diluted to 
109 folds to get better colonies. After incubation at 37oC 
for 24 h, the numbers of CFU were counted.

Statistical evaluation
Results were expressed as mean value ± standard 

error of the mean of growth inhibition zones diameters. 
P values lower than 0.05 were considered signifi cant.

RESULTS AND DISCUSSION

The past decades witnessed the emergence of na-
nobiocatalysis as an increasingly attractive domain 
for developing novel pharmaceutical products in both 
science and industry, with regard to the high specifi city 
and selectivity, and advantageous operation conditions 
compared to chemical catalysis9. It should be noted that 
quaternary ammonium compounds served as excellent 
disinfectants while preparing such products10–13 becau-
se their antibacterial properties involves disruption of 
cytoplasmic and outer membrane lipid bilayers through 
interaction between positively charged long quaternary 
nitrogen functional groups and the polar head groups of 
acidic phospholipids which resulted in generalized and 
progressive leakage of cytoplasmic materials7, 14. 

Agarose possesses alternating 1,3-linked β-D-galactose 
and 1,4-linked 3,6-anhydro-α-L-galactose and is used 
extensively in gel electrophoresis experiment. Hence, in 
this work, efforts were raised to synthesize and characte-
rize agarose nanoparticles followed by their stabilization 
by polyvinyl alcohol which resulted in the formation of 
uniform and spherical shaped ANPs (Fig. 1). Nanopre-
cipitation occurred by a rapid desolvation of agarose 
upon addition of dimethyl sulfoxide. Formation of ANPs 
is governed by Marangoni effect which involves a mass 

transfer along an interface between two fl uids due to sur-
face tension gradient and interfacial turbulences15–17. The 
synthesized nanoparticles were characterized by XRD, 
TGA/DTA and TEM (Results are shown in manuscript 
no. BJCE-2015-0319R1 entitled “Functionalization of 
agarose nanoparticles by galactose for effi cient produc-
tion of lactose-free dairy products” accepted in Brazilian 
Journal of Chemical Engineering) while dynamic light 
scattering (Fig. 2) was used to study the size distribution 
and colloidal stability as an analytical tool for the cha-
racterization of ANPs. The average mean size of ANPs 
was observed as 32 nm which is under the agreement 
of TEM results.

Figure 1. Flowchart representing the synthesis of ANPs.
  Schematic representation of agarose nanoparticles synthe-

sized by nanoprecipitation technology. 

Figure 2. Differential light scattering of ANPs. 
  ANPs were characterized by Dynamic Light Scattering in 

a Malvern Zetasizer Nano ZS to observe their mean average 
size.
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Atomic force microscopy is a powerful tool used 
extensively for observing high-resolution imaging and 
probe interaction forces18–20. AFM image exhibited 
excellent nanosupport for antibacterial potential due to 
their small size and large surface area (Fig. 3). These 
molecules infl uence mechanical properties like stiffness 
and elasticity and reduce diffusion limitations to maxi-
mize the functional surface area needed for exhibiting 
antibacterial activity uniformly. 

showed the plot of number of bacterial colonies grown 
on nutrient agar plates as a function of concentration of 
agarose nanoparticles. It was observed that ANPs showed 
15 x 109/ml CFU after 24 hours of incubation at 20 mM 
ANPs concentration while the modifi ed ANPs exhibited 
21 x 109/ml CFU under similar incubation conditions. 
Moreover, zone of inhibition (ZOI) was 2.9 and 3.8 cm, 
respectively for E. coli by ANPs at 0.2 and 0.4 mM, 
respectively while it was 3.2 and 3.8 cm respectively by 
modifi ed ANPs under similar conditions. Similarly, ZOI 
for S. aureus by ANPs at 0.2 and 0.4 mM was observed 
at 3.1 and 4.0 cm, respectively, while these values were 
3.5 and 4.1 cm, respectively for modifi ed ANPs under 
similar incubation conditions (Fig. 5). The antibacterial 
activity of both ANPs and modifi ed ANPs were incre-
ased with the increase in their concentration. Needless 

Figure 3. Atomic force micrographs of modifi ed ANPs. 
  Tapping mode AFM experiments of modifi ed ANPs was 

performed by using commercial etched silicon tips as AFM 
probes with typical resonance frequency of ca. 300 Hz (RTESP, 
Veeco, Japan).

Figure 4. Antimicrobial characterization by CFU as a function 
of ANPs concentration on agar plates.

  Bacterial colonies were grown on nutrient agar plates as 
a function of concentration of ANPs. The numbers of CFU 
have been observed to reduce signifi cantly with the increasing 
ANPs loading.

Figure 5. Zone of inhibition of antibacterial test of ANPs. 
  Zone diameter was measured using an antibiotic zone measur-

ing scale (HIMEDIA).

E. coli cells are ubiquitous microorganisms in the envi-
ronment with high possibility of interactions with nano-
particles and fi nds extensive application in toxicological 
studies18. Moreover, S. aureus has emerged as a leading 
cause of colonization and infection in various soft-tissue 
wounds including venous leg ulcers, pressure ulcers and 
diabetic foot ulcers which leads to the development of 
chronic and non-healing wounds21. The antimicrobial 
activity of agarose nanoparticles was tested on gram 
negative bacteria, E. coli and gram positive bacteria, 
S. aureus. Antimicrobial activity of agarose nanoparticles 
is attributed to the increased chemical reactivity obtained 
due to their higher surface area to volume ratio. Figure 4 
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to mention, the activity was greater for modifi ed ANPs 
as compared to naïve ANPs.

CONCLUSION

Signifi cant progress was made to safely exploit the 
antimicrobial property of agarose nanoparticles without 
jeopardizing human health, critical infrastructure and 
environment. Additionally, great biocompatibility of 
ANPs makes them suitable candidate for protein and 
peptide drug delivery. These fi ndings provide fundamental 
information for interpreting the biological interactions 
of nanoparticles for diverse applications in biology and 
chemistry. Hence, these nanoparticles can fi nd application 
in the development of new pharmaceutical products as 
well as in self-cleaning surfaces, waste water treatment, 
Lab-on-a-Chip devices and many more.
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